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ABSTRACT
M easurem ent o f Inorganic Arsenic and C hrom ium
Species in Southern Nevada Groundw ater Using
Ion Chrom atography-Inductively Coupled
Plasm a M ass Spectrom etry
by
Julie A. Bertoia
Dr. V ernon F. H odge Exam ination Comm ittee Chair
Professor o f Chem istry
U niversity o f Nevada, Las Vegas
Two analytical m ethods em ploying an ion chrom atograph-inductively coupled plasm a
mass spectrom eter w ere used to separate inorganic arsenite from arsenate and trivalent
from hexavalent chrom ium in southern N evada groundwater. M ethod detection limits
were found to be 0.011 ppb and 0.005 ppb for arsenite and arsenate respectively, and
0.015 ppb and 0.02 ppb for trivalent and hexavalent chromium respectively. Following
an investigation o f the stability o f the oxidation states o f arsenic and chrom ium in
aqueous solution w ith time, the following procedures w ere adopted. Samples collected in
the field for arsenic w ere filtered, stored at 4°C, and analyzed w ithin 7 days; and those
collected for chrom ium analysis were filtered, stored at 4“C, and analyzed w ithin 24
hours o f collection. Groundwater samples analyzed w ere from w ells o f the N ye County
Early W arning D rilling Program (NCEW DP) in Nye County, N evada in fall 2002 and
2003, from wells in the N evada Test Site (NTS) and N ellis Testing and Training Range
(NTTR) in 2003, and from wells and springs in Inyo County in 2003. It was found that

111
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the concentrations in these waters consisted o f total arsenic concentrations were between
1-45 ppb, w ith the m ajority o f the groundw ater wells containing m ore arsenate than
arsenite. The total concentration o f chrom ium in these wells was found to range between
0.25-4 ppb, w ith the m ajority o f the groundw ater wells containing m ore hexavalent
chrom ium than trivalent chromium.
A com parison o f the calculated Eh values from As (III) and A s(V) concentrations with
the calculated Eh from the m easured concentrations o f Cr(III) and Cr(VI) was examined.
It was found that the Eh calculated from arsenic redox couples and the Eh calculated from
the chrom ium redox couples positively correlated w ith an

o f 0.89.
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CHAPTER 1

IN TRODUCTION
Yucca M ountain Project
The U.S. D epartm ent o f Energy (DOE) has been studying Y ucca M ountain in Nevada
for the past two decades. The DOE proposed that this site is a suitable place to construct
the first underground repository for U.S. spent nuclear fuel and high-level radioactive
waste o f com m ercial and m ilitary origins (US DOE, 2002). The purpose o f the
repository is to safely isolate highly radioactive nuclear waste for at least

1 0 ,0 0 0

years

(US DOE, 2002). Y ucca M ountain seems to be an ideal site for this storage site because
it is located on federal land and is securely controlled by the U.S. DOE, the U.S. Air
Force, and the Bureau o f Land M anagem ent. It is in located N ye County, in southern
Nevada, approxim ately 100 m iles northw est o f Las Vegas and 14 miles north o f
A m argosa Valley. Because o f Yucca M ountain’s desert location, it experiences a dry
climate throughout the year averaging approxim ately 7.5 inches o f precipitation per year
(US DOE, 2002). This location is attractive because there are no know n natural
resources o f com m ercial value, such as precious metals, minerals, or oil (US DOE, 2002).
Several site characterization studies on the geology, chemistry, hydrology, and other
physical aspects o f Y ucca M ountain are required before storing nuclear w aste (US DOE,

2002).
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Nye County Early W arning D rilling Program
The Early W arning D rilling Program was initiated as part o f the N ye County N uclear
W aste R epository Project Office (NW RPO) Y ucca M ountain Oversite Program (EW DP,
2003). The purpose o f this program is to establish a groundw ater m onitoring system to
protect the residents o f N ye County in A m argosa and Pahrump Valleys against potential
radionuclide contam ination. The project involves the drilling o f several w ells south o f
Y ucca M ountain. Groundwater wells are located in A m argosa Valley, NV, and on the
N evada Test Site (NTS), both approxim ately 90 m iles northw est o f Las Vegas, NV.
B y analyzing the groundw ater in and around the NTS, im portant hydrological
inform ation can be obtained, w hich can be used to help understand the groundw ater flow
system in the region surrounding Y ucca M ountain. In the event o f a nuclear waste spill
at Y ucca M ountain, inform ation regarding the oxidizing or reducing nature o f the
surrounding groundw ater can be used to predict w hether an element, such as plutonium,
neptunium , or technetium , w ould exist in oxidized or reduced form. This inform ation can
predict an elem ent’s solubility or affinity for solid surfaces, and thus its fate in the
groundwater. Traditionally, potentiom etric probes have been used to m easure the Eh, or
oxidizing and reducing potential, o f natural waters. However, over the last quarter o f a
century, there has been m uch debate about the utility o f the m easured Eh as and indicator
o f the actual redox condition in natural waters, and its ability to predict the distribution o f
a soluble elem ent betw een its various oxidation state species or redox couples (Cherry et
al., 1979; Stum m & M organ, 1996). By directly analyzing groundw ater for the
concentrations o f the oxidation states o f elements, inform ation about the relative
oxidizing or reducing conditions o f a particular groundw ater region can be estimated.
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Purpose o f the Study
The prim ary research goal focused on the developm ent o f m ethods to separate and
detect concentrations o f inorganic arsenic and chrom ium species in southern Nevada
groundw ater using ion chrom atography-inductively coupled plasm a mass spectrom etry
(IC-ICPM S). This task involved the collection and analysis o f groundw ater samples
from N ye County, N evada, Inyo County, California, the N evada Test Site, and the Nellis
Test and Training Range in Nevada. A secondary research objective was to examine
sample collection and preservation m ethods that assume the stability o f arsenic and
chrom ium species over time.

Arsenic
Sources
Arsenic (As) is an element that is w idely distributed in nature. It is found in soils,
rocks, plants, surface and ground waters, and in some animals. A rsenic is a m etalloid o f
group 15 o f tbe periodic table and exists in a variety o f oxidation states and valances in
different organic and inorganic forms in environm ental systems. A rsenic is com m only
found in nature as an oxyanion in the +3 or +5 valance states. It can bind covalently with
m ost m etals and nonm etals and it can form stable organic compounds. Inorganic
arsenate, As(V), is m ost com m only found in w ater as an anion, A s 0 4 ^', H A s 0 4 ^', or
HzAsOT, however, it can be present in small quantities as a neutral compound, H 3 ASO 4
(Anderson et al., 1991). Inorganic arsenite, A s(III), on the other hand is m ost com monly
found, in water, as the fully protonated, uncharged molecule, H 3 ASO 3 (Anderson et al.,
1991). A m ajor food source o f inorganic arsenic for humans is raw rice and flour
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(Schoof et al., 1999). Organic arsenic com pounds such as m onom ethylarsonic acid
(M M A), CH 3 A sO (O H ) 2 , dim ethylarsinic acid (DM A), (CH 3 ) 2 A sOOH, arsenobetaine
(AsBet), (CH 3 ) 3 As^CH 2 C 0

0

H, are found in soils and biological material, especially fish,

w here fungi, yeasts, and bacteria can m ethylate inorganic arsenic (Yu, 2001).
Arsenic occurs in the environm ent as a result o f natural processes and anthropogenic
activity. V olcanic eruptions, forest fires, and w eathering o f arsenic containing rocks are
all natural pathw ays by w hich arsenic can enter soil and w ater systems. V olcanic activity
and forest fires contribute particulate arsenic to the air. These particles can settle in
waters and soils and can increase the concentration o f arsenic in these m edia (Yu, 2001).
W eathering reactions are influenced by the presence o f moisture, the pH o f the system,
the tem perature, carbon dioxide, and the redox values o f surrounding m edia (Naidu et al.,
2003). U nder appropriate conditions, arsenic containing rocks can be w eathered and
dissolve into water. M ixing o f groundw ater w ith geothermal w aters can have a major
im pact on the arsenic concentration because geotherm al waters are often enriched in
arsenic (W elch et al., 1988).
Industrial processes have also introduced arsenic into the environm ent. The
com bustion o f coals containing arsenic and sulfur com pounds can cause arsenic to
accumulate on fly ash particles (Yu, 2001). Arsenic can also be released into
environm ental systems through the smelting o f copper, lead, zinc, and gold ores (Yu,
2001). In the past, arsenic was used as a pesticide in products such as Paris Green,
(CH 3 C 0

0 )2

•

3

C u(A s 0 2 ) 2 , lead arsenate (PbHA s 0 4 ), and m ethylarsenic (CH3ASS)

(Carapella et al., 1966). W hite arsenic (AS2 O 3 ) was used as a rodentcide (Carapella et al..
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1966). The use o f arsenic as a pesticide has lead to an increase o f arsenic concentration
in soils (Costa, 2000).
Arsenic is com m only used in m edical and m anufacturing processes. As gallium
arsenic, it is a key com ponent in electrical devices, it is used in the m anufacturing o f
glass, and as an alloy for the hardening o f lead (Costa, 2000). Com pounds o f arsenic
have been used in m edicine to treat nutritional diseases such as anem ia and pellagra, as
w ell as asthma, rheum atism , neuralgia, cholera, malaria, and several skin diseases (Costa,
2000). Currently, arsenic is under investigation as a potential treatm ent for leukemia
(Look, 1998).
Toxicity
The U.S. Environm ental Protection Agency (EPA) has recently lowered the
m axim um contam inant level (M CE) o f arsenic in drinking w ater from 50 parts-perbillion (ppb) to 10 ppb (US EPA, 2002). The M C E is for the total am ount o f arsenic in
water, and does not specify levels for each species o f inorganic or organic arsenic. It has
been reported b y several authors that the concentration o f arsenic in environm ental water
systems is often greater than 10 ppb. A study by W elch et al., found that the
concentration o f arsenic in approxim ately 10% o f groundwater in the U nited States
exceeds 10 ppb (W elch et al., 2000). It has been reported by Costa that the levels o f
arsenic in tap w ater are usually below

10

ppb, and levels in fish range from

1 -1 0

parts-

per-m illion (ppm) and as high as 100 ppm in certain shellfish (Costa, 2000).
U ncontam inated soils have arsenic levels o f approxim ately 5 ppm and seaw ater is
reported to contain arsenic at 2-5 ppb (Yu, 2001). M any foods contain arsenic
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compounds. D airy products can contribute as m uch as 31% o f dietary arsenic and meat,
fish, poultry, and cereals can collectively contribute 56% (Schoof et ah, 1999).
Due to the prevalence o f this element in the environment, arsenic ingestion is
unavoidable and thus, its toxicity to humans is o f great concern. A lthough it is important
to know the total am ount o f dissolved arsenic in an environm ental system, know ledge o f
the chem ical form o f an element can provide inform ation about the potential toxicities o f
each species. Several studies have reported that inorganic arsenic is m ore toxic to
humans, animals, and plants than organic arsenic compounds (Juillot et ah, 1999, Le,
2002). It has been reported by Le, 2002, that inorganic As(III) is m ore toxic than As(V),
w hich is m ore toxic than M M A and DMA. AsBet is essentially non toxic to humans (Le,

2002).
The toxicity o f arsenic in the hum an body appears to be related to the solubility o f the
arsenic com pound in water. Ingested arsenic com pounds can be absorbed through the
gastrointestinal tract into the bloodstream (Le et ah, 1994; M a et ah, 1998). As(V) and
As(III) are both w ell absorbed by the body, however, As(V) is rapidly eliminated,
w hereas A s(III) is retained in larger quantities for longer periods o f tim e in body tissues
(Yu, 2001). Once inorganic arsenic is absorbed, it is transported to the liver w here any
rem aining A s(V) is reduced to As(III), then As(III) is m ethylated to form less toxic
M M A and DM A, both o f w hich are ultim ately excreted in the urine (Yu, 2001).
Arsenic m ay be beneficial to humans in some physiological processes. A ccording to
the Handbook o f Trace Elements, tbe dietary intake o f arsenic is 0.04-1.4 mg/day, a toxic
dose o f arsenic is 5-50 mg/day, and a lethal am ount o f arsenic is 50-340 m g/day (Pais,
1997). D eprivation o f arsenic in diets has resulted in im paired grow th (Anke, 1986 and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Uthus, 1994) and abnorm al reproduction (Anke et ak, 1980, Anke, 1986, and Uthus,
1994). H owever, chronic exposure to high concentrations o f inorganic arsenic due to
contam inated drinking w ater has resulted in plant, animal, and hum an toxicity.
Arsenic poisoning has been reported in Argentina, Bangladesh, Chile, China, Ghana,
H ungary, India, M exico, Taiwan, Thiland, U.K., and USA, w here groundw ater
contam inated w ith high levels o f inorganic arsenic was used as the prim ary source o f
drinking w ater (Bhattacharya, et ak, 2002). One o f the largest and m ost w idespread cases
o f arsenic contam ination occurred in Bangladesh (Bhattacharya, et ak, 2002).
A pproxim ately 20 m illion people are considered to have arsenic poisoning and another
50 m illion are considered to be at risk. Arsenic contam ination is generally believed to be
o f natural origin from rocks and sedim ents containing arsenic. In Bangladesh, the
m ajority o f the groundw ater arsenic concentration exceeded 10 ppb, 30% o f the
groundw ater had concentrations o f arsenic greater than 50 ppb, and concentrations o f
arsenic in 17 districts w ere reported to be greater than 1000 ppb and as high as 14 ppm
(GPRB, 1998 and Karim, 2000).
Symptoms o f arsenic poisoning can be acute or chronic. Acute sym ptom s are those
that occur directly after b rief exposure at high concentrations. Chronic effects occur
gradually over time, and tend to develop after long term exposure to low levels o f
arsenic. Signs o f acute arsenic poisoning typically occur within 30 m inutes o f entry into
the body. Initial symptom s can include m uscle pain and weakness, followed by severe
nausea, abdom inal pain, and diarrhea (Chen, 1997).

Other sym ptom s include numbness

in hands and feet, red rashes on the skin, intense thirst, drowsiness and confusion.
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paranoid delusions, hallucinations, and delirium (Saha, 1999). Ultim ately, seizures,
coma, and death occur.
Chronic health effects due to arsenic poisoning are more common. W hen arsenic is
introduced into the body, it accumulates in tissues, organs, hair, and nails o f the exposed
individual, and can build up to toxic levels. Several health effects due to chronic arsenic
ingestion include; arsenical dermatosis, hyperkeratosis, hyperpigm entation, blackfoot
disease, and liver dysfunction (Costa, 2000), cardiovascular disease, diabetes, anemia,
im m unological and neurological disorders (Bhattacharga et ak, 2002), brain diseases,
gastrointestinal diseases (Lebin-Scherz et ak, 1987; Quatrehom me et ak, 1992; Civantos
et ak, 1995). Perhaps the greatest risk associated w ith a chronic arsenic exposure is the
various types o f cancers that can develop. Studies have reported an increased risk o f
kidney and liver cancers in patients w ith a history o f arsenic exposure (NRC, 1999).
Inorganic arsenic ingestion has also been associated w ith a high risk o f skin, bladder,
lung cancers (LARC, 1980, 1987; NRC 1999), and prostate cancer (Bhattacharya et ak,
2002). These chronic effects often do not appear in the exposed individual until several
years after exposure.
Spéciation in Environm ental W aters
The m obility o f arsenic in the natural environm ent is governed by the redox
conditions o f the system. Both As(III) and As(V) can exist sim ultaneously in
groundwater, how ever certain conditions favor each oxidation state’s m obility or
sorption. Eh-pH diagram s are used to predict the dom inant species o f an element in a
w ater system based on therm odynam ic stability and the w ater’s pH and Eh (reducing
potential). Figure 1 shows the Eh-pH diagram for arsenic species in water.
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Figure 1 : Eh-pH D iagram for arsenic species at 25“C and 1 atm.

At pH 7-9, w hich is com m on for groundw ater in southern Nevada, arsenate in the
form H A s 0 4 ^' w ould be expected to be the dom inant species at Eh values greater than 0.25 volts. A t pH values less than 7, arsenate in the form H 2 ASO 4 " w ould be the
favorable form o f this species at Eh values approxim ately greater than 0.1 volts form
higher pH and 0.5 volts for low er pH. A rsenate is m ore therm odynam ically stable than
arsenite at Eh values greater than approxim ately -0.1 volts at pH

8

and greater than 0.3

volts at pH 4. A rsenite w ould be m ore therm odynam ically favored in the form H 3 ASO3
below -0.1 volts at pH

8

and below 0.3 volts at pH 4. In general, A s(V) is more

therm odynam ically favorable in oxic waters and As(III) in anoxic waters. However, both
As(III) and A s(V) have been observed to coexist in anoxic and oxic waters (Anderson et
al., 1991; K uhn et al., 1993; Sohrin et al., 1997).
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Eh-pH diagram s are good tools for predicting the species that w ould be
therm odynam ically favorable under various pH and Eh conditions, however, they have
poor predictive value in groundw ater w here disequilibrium in the system is normal.
D isequilibrium w ith respect to Eh can be attributed to the presence o f m icrobes which
can interconvert A s(V) and As(III), the presence o f reducing agents such as Fe(II) or
sulfides, and the presence o f iron or m anganese oxide or hydroxide surfaces w ith which
arsenic com pounds can readily adsorb. It has been observed that w hile the concentrations
o f redox-active species define the redox potential o f a system, it is often the case that
redox potentials calculated from different redox couples do not agree w ith each other or
w ith the m easured potentiom etric redox potentials (Grenthe et al., 1997; Cherry et al.,
1979). It has been proposed that biological m aterial present in w aters facilitate the
interconversion o f A s(lll) and As(V), not only oxidation with oxygen and reduction with
sulfide (Eary et al., 1990; M anning et al., 1997; Rochette et al., 2000).
R eduction o f As(V) to A s(lll) is com m only observed under anoxic conditions in
sediments, flooded soils, and aquifers (M asscheleyn et al., 1991a; M asschekeyn et al.,
1991; M cG eehan et al., 1994; N im ick et al., 1998). A t low pH, As(V) can be reduced to
A s(lll) in the presence o f dissolved sulfide HzS, and H S' (Rochette et ak, 2000). Several
studies have found that the reduction is slower at neutral pH (C herry et ak, 1979;
N ew m an et ak, 1997, M acur et ak, 2001). A s(lll) be can converted to organic M M A and
D M A by prokaryotes and eukaryotes via biom ethylation processes (K ram er and Allen,
1988). M icroorganism s such as Bacillus and Pseudom onas can be responsible for the
oxidation and reduction o f arsenic thus influencing its m obility through the environm ent

Cfu,200iy
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Arsenite can be oxidized to arsenate by several processes. Low pH and high Fe(III)
concentrations can result in the oxidation o f As(III) to As(V) (C herry et al., 1979). The
presence o f m anganese (V) oxide solid phases can be effective in oxidizing As(III) to
As(V) (O scarson et al., 1983; D riehaus et al., 1995; Chiu, et al., 2000). Hydrogen
peroxide can also act as an im portant oxidizing agent at high pH and high concentrations
o f hydrogen peroxide, how ever rates o f oxidation w ill decrease w ith decreasing pH and
decreasing hydrogen peroxide concentration (Inskeep et ak, 2002). N atural waters
exposed to ultra-violet light have been found to oxidize A s(lll) to As(V) via free-radical
reactions involving ferrioxalate (Kocar et ak, 2000).
D issolution-précipitation and sorption-desorption processes are im portant in
governing the availability o f arsenite and arsenate in waters. M ost arsenate minerals are
too soluble to precipitate under environm ental conditions (Inskeep et ak, 2002). Under
reducing conditions, arsenite m ay precipitate as orpim ent, AS2 S 3 , or arsenopyrite, FeAsS
(Hering et ak, 2002). The solubility o f FeAsS at pH below 3 is low, thus A s(lll) is not
expected to be at high concentrations in acidic waters (Inskeep et ak, 2002).
Sorption is a process that affects the concentration o f arsenate in waters. Sorption is a
surface phenom enon that is limited by the availability o f reactive surface sites on sorbing
phases, the com petition betw een an element species and other sorbates, and their
concentrations relative to each other. The pH o f a system is another factor that affects
sorption. Typically, basic pH is desirable for enhancing revegetation and for minimizing
m obility o f trace metals, such as copper, zinc, cadmium, and lead (Inskeep, 2002).
However, basic pH can have the opposite effect on arsenic mobility, w here increases in
pH greater than

8

have been shown to increase m obilization o f arsenate in soils (Darland
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et al., 1997; Jones et al., 1997). As(V) and A s(lll) have different affinities for various
sorbent phases that m ay be present in aquifers. As(V) strongly adsorbs onto many
m ineral phases, especially F e(lll) and A l(lll) oxides and hydroxides and clay minerals
(A nderson et al., 1976; Ghosh et al.. Pierce et al., 1980; Inskeep et al., 2002). However,
as pH increases, A s(lll) is sorbed m ore than A s(V) to A 1( 0 H) 3 . Thus, sorption o f
arsenite is pH dependent w ith A 1( 0 H ) 3 , but As(V) shows limited pH dependence with
sorption onto A 1(0 H ) 3 (Inskeep et ak, 2002).

Chromium
Sources
In nature, chrom ium (Cr) occurs naturally in rocks, plants, and soils. It is com monly
found as the stable m ineral chromite, FeO^CraOs. Chrom ium has three m ajor oxidation
states in aquatic systems, divalent chromium, Cr(ll), trivalent chrom ium C r(lll), and
hexavalent chrom ium Cr(Vl); w here C r(lll) and Cr(V l) are m ost com m only found.
Cr(V l) is found in w ater as the dichromate, Cr 2 0 ?^ , or chromate, Cr 0 4 ^', anions. C r(lll),
on the other hand, can be found as an anion, cation, or neutral species: Cr( 0 H) 4 ', Cr^^ or
CrOH^^, or Cr( 0 H ) 3 respectively. C r(lll) can also readily form other inorganic and
organic com plexes. Chrom ium metal is used in steel and iron m aking industries because
it enhances hardness and resistance to corrosion and oxidation. C r(lll) is used in brick
lining for high-tem perature industrial furnaces. Compounds o f chrom ium in both the
C r(lll) and C r(V l) states are used for chrom e plating, dye and pigm ent m anufacturing,
leather tanning, and w ood preserving (Cohen & Costa, 2000).

12
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Chrom ium enters the air, water, and soil m ostly as Cr(III) and chrom ium (V I) forms
as a result o f natural processes and hum an activities. The burning o f coal and oil
em issions and the production o f steel can increase the amount o f Cr(III) particles in the
air (Casadevall & K ortenkam p, 2002). Cr(VI) can be increased by stainless steel
welding, chem ical m anufacturing, and wastes from streams from electroplating
industries. Leather tanning and textile industries can discharge both Cr(III) and Cr(Vl)
into waters. Chrom ium com pounds can also exist as fine dust particles in air. These
particles are o f great concern because they eventually settle over land and w ater
(Casadevall & K ortenkam p, 2002). Although m ost o f the chrom ium in w ater binds to
dirt or rock surfaces, a small am ount m ay dissolve in the w ater and thus increase the
concentration o f chrom ium (Casadevall & Kortenkam p, 2002).
Cr(III) occurs naturally in m any fresh vegetables, fruits, meat, yeast, and grain.
V arious m ethods o f processing, storage, and preparation can alter the chrom ium content
o f food. Acidic foods in contact w ith stainless steel cans or cooking utensils m ight
contain higher levels o f chrom ium because chrom ium can be leached from stainless steel.
Refining processes used to m ake white bread or sugar can decrease chrom ium levels
Kotas & Stasicka, 2000).
Toxicitv
A person can be exposed to chrom ium by air, water, or food containing chromium or
through skin contact w ith chrom ium compounds. The U.S. EPA has set the M CE for total
chrom ium in drinking w ater at 100 ppb (USEPA, 2003). Since toxicity is highly
dependent on the chem ical species o f an element, it is essential that an M CL be specified
independently for Cr(III) and Cr(VI). The toxicity o f chrom ium species in humans varies
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substantially. Trivalent chrom ium is considered to be essential for some biological
functions. It has been reported that Cr(III) is required for norm al carbohydrate and lipid
m etabolism in the body (Pais, 1997). In the 1950s, Schwartz et al., identified chromium
as the elem ent that restored glucose tolerance in rats (Schwartz et al., 1959). In the
1960s, it was found that m alnourished infants responded to an oral dose o f chromium
chloride w ith respect to im paired glucose tolerance (Hopkins and M ajaj, 1967; Hopkins
et a l, 1968). It is proposed by Stoccker that Cr(III) has low toxicity in the body due to its
poor adsorption (Stoccker, 1999). A ccording to the Handbook o f Trace Elements, the
daily requirem ent for Cr(III) for adults is 50-200 pg, a toxic dose is more than 200 mg,
and a lethal dose is greater than 3 grams (Pais, 1997).
H exavalent chromium, however, is highly toxic to humans, plants, and animals.
Cr(VI) is m ore soluble than Cr(III) at a large range o f pH. Cranson and M urry observed
that 98% o f the chrom ium in the C olum bia R iver w ater was in the hexavalent form
(Cranson and M urry, 1980). In a study by Canter and Gloyna, it was found that Cr(VI)
predom inated in the non-polluted river but was reduced to Cr(III) w hen exposed to
organic pollution (Canter and Gloyna, 1969). Once Cr(VI) enters the body, it diffuses
through cell m em branes, behaves as an oxidizing agent, and binds to other biochemical
molecules to produce carcinogenic and m utagenic effects (Florence et ak, 1980; Norseth,
1979). Because o f its high solubility, hexavalent chrom ium is im m ediately taken up by
cells via a sulfate anion carrier system upon entrance into the body (Buttner, 1985). A
reduction o f Cr(VI) to Cr(III) occurs w ithin the cell. It is proposed that there is a
possibility o f the form ation o f hydrogen peroxide during the reduction o f chromium
species in the cell, w hich leads to the formation o f reactive species having DNA
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dam aging potential (Casadevall et al., 2002). High chromate exposure has been linked to
cancers o f the lung, digestive system, nasal, larynx, kidney, prostate, and bladder (Costa,
1997). Statistics have shown that lung cancer is particularly high am ong those employees
in industries w here chrom ate exposure is high (Costa, 1997).
Spéciation
The dom inant chrom ium species in a w ater system is dependent on the redox
conditions. Eh-pH diagram s can also be used to predict the m ore therm odynam ically
favorable chrom ium species. Figure 2 shows the Eh-pH diagram for chrom ium species in
water.
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Figure 2. Eh-pH D iagram for chrom ium species in w ater at 25“C and 1 atm.
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This figure shows that Cr(VI) is expected to be the dom inant species at Eh greater
than approxim ately 0.8 and pH greater than 5, a pH o f which is slightly less that observed
in southern N evada groundwater. Cr(III) is expected to be the m ore stable species as Cr^"^
at pH less than 3 and Eh between 0 and 1.2. Cr(III) as a solid, Cr( 0 H ) 3 , is expected to
precipitate at Eh betw een 0 and 0.7 and pH betw een

6

and 11. In neutral and alkaline pH

regions, Cr(III) can be oxidized by M nO i and dissolved oxygen, and C r(V l) can be
reduced by Fe^"^, S^', SO 2 , microbes, and organic m atter (Schroeder & Lee, 1975).
Schroeder and Lee reported a reduction o f Cr(VI) by Fe^^, S^', and certain organic
com pounds w ith sulfhydryl groups in natural waters (Schroeder et al., 1975).

Rai et al.,

and Schroeder and Lee also noticed oxidation o f Cr(III) to Cr(VI) by dissolved oxygen in
aqueous environm ents (Rai et al., 1986; Schroeder & Lee, 1975). H owever, as indicated
w ith the Eh-pH diagrams o f arsenic, several factors can also lim it the predictability o f the
chrom ium Eh-pH diagram , thus they should be used qualitatively.
The m obility and sorption o f chrom ium com pounds in the environm ent is highly
dependent on the chem ical species. Trivaient chrom ium is relatively im m obile in aquatic
systems due to its low solubility in w ater (Stumm and M organ, 1996). This low
solubility retains Cr(III) in the solid phase as colloids or precipitates. (Johnson et al.,
1992). Cr(III) has a high affinity for Fe and M n oxides and clay m inerals and thus is
adsorbed onto solid surfaces (Schroeder et al., 1975; Barlett et al., 1976; Dreis, 1986).
The adsorption o f Cr(IIl) onto these surfaces was observed to increase w ith pH (Richard
et al., 1991). H exavalent chrom ium is m ore m obile in environm ental systems than
trivalent chromium. Cr(V l) is highly soluble in w ater at a large range o f pH and thus, can
be readily available in natural waters. Cr(VI) is also adsorbed by Mn, Al, and Fe oxides,
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clay m inerals, and organic colloids, how ever this sorption is slow er than Cr(III)
(M acNaughton, 1975; Rai et ah, 1986).

Review o f Instrumental Spéciation Techniques
Elem ental spéciation determ ination in groundw ater requires a m ulti-step approach:
sampling, sample storage, sample pre-treatment, and instrum ental analysis. In order to
preserve the integrity o f the collected sample, sampling and sample storage must ensure
that the elem ent species rem ain unchanged from those o f the true sample. For the
determ ination o f total metals, w ater samples are usually acidified to pH<2 in order to
dissolve large particles, to prevent hydrolysis, and to m inim ize analyte loss by adsorption
to the surface o f the container. However, when collecting samples for spéciation studies,
decreasing the pH by the addition o f acids can alter the elem ent’s oxidation state.
Sirinawin and W esterlund observed a total reduction o f Cr(VI) to Cr(III) in costal sea
w ater w hen nitric acid w as added to the sample, but the Cr(III)/Cr(V l) ratio was
preserved at nearly neutral pH (Sirinawin & W esterlund, 1997). Hall et ah, observed that
the addition o f nitric, H N O 3 , and hydrochloric, HCl, acids changed the retention time o f
arsenic species w hen analyzed by high perform ance liquid chrom atography-inductively
coupled plasm a mass spectrometry, and im m ediately altered the arsenic species
distribution in their samples (Hall et ah, 1998). W hen longer storage times are required,
freezing w ater samples can preserve the elemental species in w ater samples (Vercoutere
et ah, 1996).
Several techniques, both off-line and on-line, have been em ployed to separate and
detect elem ental species. Off-line methods such as electrochem ical m ethods, ion
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chrom atography, and separation using chelating resins have heen com bined with
detectors such as UV-V IS, atomic absorption spectrom etry (AAS), and inductively
eoupled plasm a atomic em ission spectrom etry (ICP-AES) in order to m easure the
eoncentrations o f elem ental species in environm ental samples (A ggett & Aspel, 1976;
Pahlavanpour et al., 1980; Greschonig & Irgolic, 1998). However, these methods can be
very tim e eonsum ing, com plicated, result in loss o f analyte, and can have high detection
limits for trace elements. On-line methods involve the separation, identification, and
quantification o f elemental species in a one-step analytical process. O n-line m ethods are
preferable because they require m inim al sample pre-treatm ent, they are relatively fast,
and they have a relatively high level o f sensitivity and selectivity. Figure 3 shows a flow
chart o f the several types on on-line methods em ployed to separate elem ent species in
w ater samples.

AAS
HG
GC

AES
ICP-MS

LC/IC
Sample

ICP-AES
CE
NAA
FIA

Figure 3. O n-Line Instrum ental M ethods for the D eterm ination o f Elem ental Species in
W ater Samples (adapted from Goessler at al., 2002). Hydride G eneration (HG), Gas
Chrom atography (GC), Liquid Chrom atography (LC) or Ion C hrom atography (IC),
Capillary Electrophoesis (CE), Flow Injection Analysis (FIA), A tom ic A bsorption
Spectroscopy (AAS), Atom ic Fluorescence Spectroscopy (AFS), Inductively Coupled
Plasm a M ass Spectrom etry (ICP-M S), Inductively Coupled Plasm a Atom ic Em ission
Spectroscopy (ICP-AES), N eutron A ctivation A nalysis (NAA).
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A tom ic absorption spectrom etry linked to a hydride generator (HG-AAS) has been
used for the determ ination o f arsenic species. In this method, total arsenic is measured as
w ell as As(III), and A s(V) is deduced by subtraction o f As(III) from total arsenic. For
total arsenic, w ater samples are directly added to a hydride generation vessel and
concentrated hydrochloric acid is added to reduce all arsenic in the sample. Arsine gas,
AsHs, is formed in the vessel w hen a solution o f 4% sodium borohydride, N aBH 4 , is
added. For approxim ately

8

minutes, arsine is allowed to collect in a hydride trap that

packed w ith glass wool and is im mersed in liquid nitrogen. A fter the elapsed time, the
liquid nitrogen dew er is rem oved releasing arsine into the AAS. The AAS detector, set at
an appropriate w avelength to m easure arsenic, determines concentration o f arsenic as a
function o f absorbance.
As(III) is m easured sim ilarly to total arsenic. Samples are placed in the hydride
generation vessel and a TRIS buffer is added to the sample so that only As(III) can form
a hydride. A solution o f 4% N aBH 4 is added to the sample to produce arsine gas. This
hydride is allowed to concentrate in the glass wool hydride trap for

8

m inutes before the

trap is rem oved from the liquid nitrogen and the AAS measures the sample absorbance.
Several authors have reported using HG-AAS for arsenic spéciation; how ever this
technique is not used for chrom ium spéciation because chrom ium is unable to form
volatile hydrides (D edina & Tsalev, 1995; M unoz, 1999; Tsalev, 1999). Nevertheless,
HG-AAS has been used in a variety o f environm ental samples for the determ ination o f
arsenic species due to its relatively low operating costs and relatively good sensitivity
(Goessler & Kuehnelt, 2002). M unoz et al. used HG-AAS to determ ine the
concentrations o f inorganic arsenic in seafood samples (M unoz et al., 1999). In this
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study, it was found that the HG-AAS m ethod was hoth precise and accurate, reporting a
percent relative standard deviation (% RSD) o f six sub-samples o f 4% and an accuracy o f
at best 100.1% and at w orst 92.2% w ith certified reference materials. The negative
aspects o f this m ethod include a limited linear dynam ic range and relatively high
detection limits for m ost environm ental samples, especially water.
A tom ie fluoreseence spectrom etry (AFS) is another technique that is used for the
spéciation o f arsenic via the hydride generation m ethod (Cai, 2000; Vilano et al., 2000).
AFS is based on the detection o f fluorescence arising from the excitation and decay o f the
elemental resonance lines. Fluorescence is used as a highly sensitive detector for the
excited elem ent and thus relatively low detection limits can be achieved, and by the
addition o f a hydride generator even lower detection limits can be reached. Vilano et al.,
com bined liquid chrom atography w ith HG-AFS to determ ine the concentrations in fresh
w ater o f six different arsenic species: As(III), As(V), M M A, DM A, AsBet, and
arsenocholine (AsChlo), (CH 3 ) 3 As^CH 2 CH 2 0 H (Vilano et a l, 2000). The samples were
injected into the LC w here the arsenic species w ere separated. The eluate from the LC
reached the hydride generation system w here HCl, N aBH 4 , and sodium hydroxide, NaOH
were added. A gas liquid separator was able to transport the arsenic hydride formed into
the AFS detector. The AFS m easured the intensity o f the hydride signal and
concentrations w ere determ ined by peak height and peak area. D etection limits for all
com pounds were observed to be lower than 4 ppb.
A nother m ethod o f spéciation analysis is neutron activation analysis (NAA) (Sun &
Yang, 1999). N eutron activation consists o f irradiating a sample w ith neutrons in a
nuclear reactor to produce specific radionuclides. After the irradiation, the energy o f the
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characteristic gam m a rays em itted by the decaying radionuclides can he used to identify
an elem ent’s presence in the sample, and the area under the spectral peak detected at a
certain energy are used to quantify the concentration o f that element.
W hen using neutron activation analysis for spéciation, species m ust first be separated
w ithin the samples, usually by precipitation (Goessler & Kuehnelt, 2002). The solid
material is then collected on a m em brane filter and irradiated. The concentration o f the
rem aining elem ent species is determ ined by subtracting the m easured species from the
element total. Sun and Yang used neutron activation to determ ine the concentrations o f
As(III) and A s(V) in river w ater samples (Sun and Yang, 1999). In their method,
pyrrolidinedithiocarbonate (PDC) was used to coprecipitate A s(III), Sb(III), and Se(IV)
from As(V), Sb(V), and Se(VI) in natural w ater systems. The precipitates were irradiated
in a reactor at a flux if lO'^ neutron m'^ s'* for

6

hours followed by five days o f cooling.

A Ge(Li) detector was used for counting the activated samples for 1800 seconds. Total
As, Sb, and Se were determ ined by reducing all the As, Sh, and Se in the samples with
TiC h at pH 2. The totals w ere irradiated as the precipitates described above, and As(V),
Sb(V), and Se(VI) w ere determ ined by subtracting As(III), Sh(III), and Se(IV) from the
totals. The N A A m ethod for element spéciation can obtain detection limits in the low
ppb range, however, this detection limit can be significantly increased in w ater samples
containing high salt concentrations (Sun and Yang, 1999).
Flow injection analysis is another technique that can be used to determ ine the
concentrations o f arsenic and chromium species in w ater samples. A FIA system
consists o f a pump, and injection valve, a reactor coil, and a detector. The sample is
injected into the injection valve, w here it com bines w ith a liquid carrier stream. The
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reagent stream is then com hined with the carrier stream and sample, and the resulting
solution passes through a coil so that the reagent and sample have tim e to interact, thus
separating elem ent species. The stream eventually reaches the detector w here the analyte
sample concentration is determined.

Colum ns used for separation are com m only filled

w ith cellulose sorhents, chelating ion exchangers, com plex-form ing resins, Cis-bonded
silica, or activated or m odified alum ina (Kotas et al., 2000). In a single-line flow
injection setup, only one element species can he determ ined directly, the other is
calculated from the difference betw een the elem ent’s total concentration and the
m easured species. In the analysis o f chromium species in w ater samples, usually Cr(III)
is oxidized to Cr(VI) by Ce(VI), hydrogen peroxide (H 2 O 2 ), and sodium metaperiodate
(N aI 0 4 ) (Luo et al., 1997; Andersen, 1998; Paleologos et al., 1998).
A disadvantage to this m ethod is the potential for contam ination from the addition o f
oxidizers. In order to elim inate this contam ination possibility, a flow injection system
w ith dual-colum n setup, w hich has the potential o f determ ining elem ent species
simultaneously, can be used (Kotas et al., 2000). D etectors used w ith FIA are typically
AAS, ICP-AES, and ICPM S. Prasada Rao et al., coupled FIA w ith AAS detection for the
determ ination o f chrom ium species in tannery and plating-bath effluents (Prasada Rao et
al., 1998). In their method, a single Cig silica gel colum n was used to preconcentrate
Cr(III) at neutral pH with the addition o f diethyldithiocarbam ate (DDTC) and 5 gg m L ''
o f Mn(II). For the determ ination o f Cr(VI) species, the sample pH was lowered to 1.5
and preconcentrated w ith a Cig silica gel colum n and DDTC and 5 pL m L '' o f M n(Il)
prior to injection into the system. The reagent consisted o f DDTC, w hich was able to
com plex w ith Cr(VI). The chromium DDTC com plex, once concentrated onto the
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column, was subsequently eluted w ith methanol at neutral pH. The colum n eluent was
m easured b y the AAS detector for Cr(VI).
For the determ ination o f Cr(III), the tannery and plating-bath effluent samples were
neutralized to pH 7. Cr(III) was determ ined sim ilarly to Cr(VI) except that the reagent
consisted o f 5 gg mL"' M n(II) in addition to DDTC, and after preconcentration, C r(lll)
was eluted w ith m ethanol at acidic pH. The precision o f this experim ent displayed a
%RSD (relative standard deviation) o f 3.5 for Cr(VI) and 5 for Cr(III) and had detection
limits o f 0.02 ppb for Cr(VI) and Cr(III). A disadvantage to this m ethod is that each step
after sample injection m ust he tim ed accurately otherwise the sample results could be too
high or too low from their true value.
C apillary electrophoresis is another technique that has been used to separate element
species (Chan and Chan et al., 1999; Pobozy et al., 2003). Electrophoresis refers to the
m igration o f ions in solution under the influence o f an electric field. In capillary
electrophoresis, an electric field is used to separate the com ponents inside a silica, Si0 2 ,
capillary tube. Since different ions have different mobilities, they pass through the
capillary tube at different speeds. The m obility o f an ion in solution is proportional to its
charge and inversely proportional to a friction force caused by the repulsion between like
charges. A t pH <2, the capillary w all is negatively charged and the electroosm otic flow is
directed tow ard the cathode resulting in the cations being eluted first followed by neutral
species followed by anions.
Capillary electrophoresis can be coupled to several types o f detectors that can be used
to confirm the presence o f an analyte in a particular sample. U ltra-violet (UV),
fluorescence, ICPM S, ICP-AES, and conductivity detectors are m ost frequently used to
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determ ine analyte concentrations (Goessler & Kuehnelt, 2002). In a study done by
Pobozy et al., eapillary electrophoresis with UV detection was used for the spéciation o f
chrom ium in leather tanning liquor (Pobozy et al., 2003). Cr(III) was derivatized with
diethylenetriam inepentaacetic acid (DTPA) to form the doubly charged complex
CrDTPA^'. The separation o f Cr(III) as CrDTPA^ and Cr(VI) as C r 0 4 ^" was achieved in
less than six m inutes using a 20 mM phosphate buffer at pH

8

with

tetradecyltrim ethylam m onium hydroxide (TTAOH) (cationic surfactant), and a negative
polarity at a potential o f -15 kV. U sing this method, Cr 0 4 ^’ was detected first and
CrDTPA^' was detected second.
Chan and Chan et al., used CE w ith ICP-AES to separate Cr(III) and Cr(VI) (Chan
and Chan et al., 1999). In this method, Cr(III) was separated from Cr(VI) without
derivatization by using a stream o f argon gas. It was found that the higher the gas flows,
the shorter the m igration times for Cr(III) and Cr(VI), and a flow rate o f 0.87 L/min o f
argon was optimal. D etection limits were found to be approxim ately 10 ppb for C r(lll)
and Cr(VI).
Several chrom atographic techniques, such as GC, LC or IC, ion-pairing
chrom atography (IPC), and reversed phase chrom atography (RPC) are com m only used
for the separation o f elem ental species. These techniques are usually coupled to sensitive
detectors such as ICPM S, ICP-AES, and AAS. Ion-pairing chrom atography is efficient
and selective and has the ability to separate inorganic and organic com plexes (Le et al.,
1997). R eversed phase chrom atography uses Cig silica packed colum ns and organic
based m obile phases such as m ethanol and acetonitrile. This separation technique allows
non-polar and m oderately polar species to be separated w ithin the colum n (All and
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Aboul-Enein, 2002). Ion exchange chrom atography is used to separate polar and ionic
species (Sacher et al., 1999; V assileva et al., 2001; Gault et al., 2003). A nion exchange
columns can retain negatively charged species and thus separate these species based on
their colum n retention times. Cationic species, on the other hand, are not retained.
Cation exchange colum ns have the ability to separate positively charged species by their
interaction w ith the colum n resin, whereas the negatively charged species do not interact
w ith the resin and are not retained. IC-ICPM S instrum entation will be discussed in detail
in Chapter 2.
In the literature, IC-ICPM S and HPLC-ICPM S are the m ost com m only hyphenated
techniques used to separate and detect arsenic and chromium species in water. Yehl and
Tyson, used HPLC-ICPM S to separate arsenic species in river w aters using a phosphate
and citrate buffer w ith an anion exchange colum n (Yehl and Tyson, 1997). In a study
done by G allagher et al., arsenic spéciation was achieved by anion exchange IC-ICPMS
using acetie acid and EDTA.
Chrom ium detection by ICPM S is often associated with polyatom ic interferences
by the presence o f carbon or chlorine, w hich m ay interfere w ith the two m ost abundant
isotopes o f chrom ium (^^Cr (83.3% ) and ^^Cr (9.5%)). The interferences are from
^°Ar'^^C\ ^^Cl'^0^, ^°Ar'^C\ and ^^Ar'^^C^H^. These interferences
can he reduced by using a dynamic reaction cell (DRC) in line w ith the ICPMS
quadrupole, a colum n having both anionic and cationic exchange capabilities, or using in
line anion and cation exchange columns (Pant-Sar-Kallio et al., 1996; Bam ow ski et al.,
1997; Chang et al., 2001).

Séby et al., used HPLC-ICPM S for the separation o f Cr(III)

and Cr(VI) w ith a cationic and anionic exchange colum n and a nitric acid eluent (Séby et
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al., 2003). It was found that concentrations up to 100 ppm o f C f interfered with
m easurem ents o f ^^Cr isotope, thus only ^^Cr was m onitored using this method. It was
observed that in solutions containing hydrogen bicarbonate concentrations greater than
ppm, the Cr(VI) species was stable, but the Cr(III) species hydrolyzed form ing two
additional Cr(III) peaks. It was noted that the sum o f the peaks was less than that o f
Cr(III) in prepared solution, perhaps due to the precipitation o f some C r(lll) as C r( 0 H )3
(s). D etection lim its for this m ethod were found to be 0.5 ppb for both chrom ium
species.
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10

C H APTER 2

M ETH ODOLOGY
A total o f 17 groundw ater samples were collected in 2002 and 29 samples in 2003
from wells in A m argosa V alley and the NTS as part o f the Nye County Early W arning
D rilling Program. From Inyo County California, 4 samples w ere collected in 2003. A
total o f 10 samples w ere collected from NTS and N A FR wells in 2003.

Sample Collection
Groundwater samples were collected from A ugust-O ctober 2002 and AugustN ovem ber 2003 on a schedule proposed by the N ye County N uclear W aste Repository
Project Office (NW RPO) for wells o f the N ye County Early W arning D rilling Program
(NCEW DP). Typically w ater samples collected for the analysis o f elem ental totals are
acidified to pH<2 to prevent sorption onto the container surfaces. Samples are filtered to
rem ove any particulate m atter that m ay damage the instrum entation. Table 1 summarizes
the num ber o f groundw ater well samples and duplicates collected during each period.
Filtered and unfiltered unacidified samples w ere obtained from 17 wells in 2002. In
2003, only filtered unacidified samples w ere collected from 29 wells. Duplicate samples
were collected from a total o f 9 wells in 2002 and 24 wells in 2003 and were analyzed
identically to the original samples in order to determ ine sampling reproducibility. A total
o f four filtered and unacidified samples w ere collected from Inyo County wells in
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Febm ary-M ay 2003. D uplicate samples were collected from two o f these wells. A total
o f 10 NTS and N TTR groundw ater samples and 9 duplicates w ere collected in the spring
and sum m er o f 2003. D ue to the rem ote location and the restricted access o f wells
located on the N evada Test Site and the Nellis Testing and Training Range, groundwater
from these wells were collected by em ployees o f Shaw Environm ental and Infrastructure.
Since collected samples were not returned to the lab for analysis for at least one week, it
w as decided that these samples best he collected as unacidified, filtered, and preserved in
dry ice. However, upon the sam ple’s return to the laboratory, they were analyzed as soon
as possible. Figure 4 shows the groundw ater well locations.

Table 1 : G roundw ater Samples, Duplicates, and Preservation per Sam pling Period
Sam ple Site

N um ber of
Samples

N um ber o f
D uplicate Sam ples

Preservation

Nye County 2002

17

9

Filtered, Unfiltered

Nye County 2003

29

24

Filtered

Inyo County 2003

4

2

Filtered

N TS/N TTR 2003

10

9

Filtered, Dry Ice
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Figure 4. G roundw ater sample locations

For filtered and unfiltered unacidified samples, high density polyethylene bottles
w ere used. Teflon bottles were used for filtered and unacidified dry ice sample
collection. A ll sample bottles were cleaned using ultra-clean methods. The bottles were
rigorously w ashed five times w ith 18.3 M Q -cm deionized w ater and allowed to air dry.
They w ere then placed in plastic Ziploc-type bags to prevent contam ination.
Polyethylene gloves w ere w orn during w hen handling sample bottles in order to prevent
contamination.
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Prior to sample collection, wells were pum ped for a m inim um o f three well volumes
so that the collected samples were representative o f the actual groundwater, not the water
that has been setting in the well bore for some tim e (APPENDIX I contains further details
about the pum p apparatus). Once the pH, conductivity, total dissolved solids (TDS), and
dissolved oxygen (DO), m easured via an in-line probe, had stabilized, w ater samples
w ere collected. For filtered samples, the groundw ater was passed through a Teflon tube
that was attached to an in-line 0.45 pm filter, w hich was previously rinsed w ith one liter
o f groundw ater before the samples were collected. One 125 m L sample was collected at
each w ell site and one 125 m L sample bottle was collected for a field duplicate. Sample
bottles w ere rinsed three times w ith the filtered groundw ater in order to reduce traces o f
contam ination from bottle cleaning. Filled groundw ater sample bottles were again placed
in plastic Ziploc-type and im m ediately placed into an ice chest filled w ith an ice-water
slurry. U nfiltered unacidified samples consisted o f groundw ater taken directly from the
pum p tubing and w ithout the in-line filter. These sample bottles w ere also rinsed three
times w ith unfiltered groundw ater and filled to the top so as to elim inate head-space and
m inim ize contact w ith oxygen. The collected groundw ater samples w ere placed in
Ziploc-type bags and im m ediately placed in an ice slurry. The sam ples were transported
to the laboratory and stored in a refrigerator at approxim ately 4°C.
Filtered samples w ere im m ediately placed in dry ice, were also collected from
groundw ater w ells sampled in from NTS and NTTR. Filtered groundw ater samples were
passed through a 0.45 pm filter, as described above for the filtered unacidified samples,
into 30 m L Teflon bottles, placed in a plastic Ziploc-type bags, and im m ediately placed
in dry ice. U nfiltered groundw ater samples consisted o f 30 m L o f unaltered groundwater
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collected in a Teflon bottles and im m ediately frozen w ith dry ice. U pon return to the
laboratory, filtered and unfiltered samples stored in dry ice w ere transferred to a freezer
at approxim ately -2°C. The dry iced samples w ere com pletely thaw ed im m ediately
before IC-ICPM S analysis.

Sample Custody
Each sample bottle was labeled w ith the groundw ater well site, the date o f sample
collection, and a unique barcode so that an individual sample can be identified at all
stages o f analysis and on data reporting. A chain o f custody form, w hich travels with the
sample bottles to and from the field, records the sample site, date and tim e o f collection,
sample bottle volum e, and the sample barcode identifier. Upon return to the laboratory,
an aliquot o f collected groundw ater samples are im m ediately checked for pH, using pH
paper, to ensure that they are unacidified; this result is recorded on a chain o f custody
form. C ustody o f the sam ples is then transferred custody from a m em ber o f the sample
collection team to the analyst assigned. Sample bottles are then im m ediately secured in a
locked refrigerator m aintained at approxim ately 4°C or in a freezer at approxim ately -2“C
until the time for analysis.

Instrum entation
Groundwater samples w ere analyzed using IC-ICPM S. All samples, standards and
groundwater, w ere directly injected into the IC and were carried through the analytical
colum n by a liquid m obile phase. A n anion exchange colum n separates the various
species based on their affinity for the column resin. Species that do not interact with the
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colum n resin elute first, whereas those that strongly interact w ith the colum n resin elute
later. The liquid eluent from the colum n reaches the ultrasonic nebulizer (USN) w here a
stream o f argon gas produces a fine aerosol. U ltrasonic nebulization enhances sample
ionization by introducing a dry aerosol into the torch, which increases the intensity o f the
signal, relative to traditional cross-flow nebulization. Still, approxim ately 70% to 80% o f
the sample goes into the w aste container. Thus, from about 20-30 % is injected into the
ICP torch region w here it is desolvated, atomized, and ionized. The ion beam then enters
the D ynam ic R eaction Cell® (DRC) where certain m olecular ion interferences, such as
ArC^, are eliminated.
B y introducing a reactive gas, such as ammonia, argon polyatom ic ions are removed
from the ion beam, via charge transfer reactions, while the analyte o f interest passes
through the DRC unaffected. The rem aining ion beam enters the m ass spectrom eter
region w here the analyzing quadrupole filters the ion beam so that only pre-selected ions
w ith a certain m ass-to-charge ratio (m/z) are able to pass through and reach the detector.
The detector records the num ber o f ions counted per second, w hich is directly related to
the concentration o f the analyte in the sample. A com puter displays the output as a
chrom atogram showing intensity versus time. Table 2 shows the IC conditions that were
found to be optimal for the separation o f the oxidation state species o f arsenic and
chromium. Table 3 shows the instrum ent param eters for the m easurem ent o f arsenic and
chrom ium by ICPM S.
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Table 2. Ion Chrom atography Conditions for the Separation o f Elem ent Species
Elem ent
As
Cr

Eluent
Column
Flow Rate
_________________________ (m L/m m )
l.SmmM
M NNaiCOi
azC O s
AS9-SC
2.00
l.VmMNaHCOs
AG9-SC
.% H N O ,

2 .0 0

Suppressor

Solution

----AOCO 44mm
ASRS
50 mA

nnn-^iv/r
0.0125
M

N/A

N/A

H 2 SO4

Table 3. ICPM S Conditions for the D etection o f Elem ent Species
ICPM S P aram eter^^^.,--^
As

Cr

N ebulizer Gas Flow (L/min)

1 .0 1

1 .0 1

A uxiliary Gas Flow (L/min)

0.85

0.85

Plasm a Gas Flow (L/min)

15

15

Lens Voltage (V)

4.9

4.9

ICP RF Pow er (W)

1200

1200

DRC Flow (ml/min)

N /A

0.5

75

52, 53

^

Elem ent

M onitored M ass(es) (m/z)

Arsenic Spéciation
The anion exchange colum n Dionex A S9-SC and guard colum n AG9-SC were used
to separate arsenite as H 3 ASO 3 , and arsenate as H 2 ASO4 ', using a 1.8 mM N a 2 C 0 3 / 1 . 7
m M NaHCOs isocratic m obile phase at a flow rate o f 2.00 mL/min. The eluent from the
colum n was passed through the Dionex ASRS 4mm suppressor in order to prevent
excessive salt precipitation on the ICPMS cones. It then entered the ICPM S w here the
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arsenic species w ere detected at m /z 75. U nder these conditions it was found that As(III)
had a retention tim e o f 90 seconds and As(V) had a retention time o f 400 seconds (Figure
5-7).

A n a l

Y f . € t s

:

AS

Figure 5. As(III) 10 ppb standard

T yt: C
Ü
Î.Si

Figure

6

Î

. A s(V ) 10 ppb standard
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A nal y te s
AS

:

7 4 . 921 G

Figure 7. G roundw ater sample 7SC Zone 1 Filtered U nacidified

Chrom ium Spéciation
The two m ost com m on oxidation states o f chrom ium are Cr(III) and Cr(VI). By
using the anion exchange colum n Dionex A S -14 and the guard colum n D ionex A G -16
w ith a 1% H N O 3 isocratic eluent at 2.00 mL/min, these two chrom ium species were
separated w ith a relatively short run time. Cr(III) exists as a cation and thus is not
retained by the column, w hereas Cr(VI) exists as an anion and is retained longer in the
anion exchange column. B y setting the DRC flow rate o f N H 3 at 0.5 m L/m in to eliminate
ArC^ interferences at m /z 52 and 53, chromium species w ere able to be m easured with
low background counts and hence low detection limit. Cr(III) w as found to have a
retention tim e o f 75 seconds and Cr(Vf) was found to have a retention tim e o f 175
seconds (Figure 8-10).
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îly-treîS
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Figure 8 . Cr(III) 4ppb Standard

A n a ly te s
Cr
Cr

5%.9405
5 2 .9 4 0 7

Figure 9. Cr(VI) 4 ppb Standard
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100
Art a l y t e s
cr
cr

51.94 05
52.9407

Figure 10. G roundw ater sample 22PB Deep Filtered U nacidified

Sample Holding Time Study
Because the time from sample collection to sample analysis can vary from hours to
days to w eeks, it is essential to determ ine the m axim um time a sample can sit in the
refrigerator before analysis and still retain the original species distribution. Three
different preservation m ethods were tried, one for arsenic and two for chrom ium , and two
storage tem peratures w ere tested, 20“C and 4°C.
Sample Preservation Studv for Arsenic
Table 4 summarizes the samples used for the arsenic sample preservation study. Two
sets o f five unacidified deionized w ater samples were prepared w ith different
concentrations o f As(III) and As(V). One set was m aintained at 4°C in a refrigerator and
one was m aintained at 20°C throughout the entire study. The first sample contained
100% As(III) at a concentration o f approxim ately 40 ppb, the second sample contained
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75% As(III) and 25% As(V) at concentrations o f about 30 ppb and 10 ppb respectively,
the third sample contained 50% As(III) and 50% As(V) at concentrations o f about 20 ppb
and 20 ppb respectively, the fourth sample contained 25% As(III) and 75% As(V) at
concentrations o f approxim ately 10 ppb and 30 ppb respectively, and the fifth sample
contained 100% As(V) at a concentration o f 40 ppb. Samples w ere prepared in
polyethylene bottles that were previously w ashed according to the procedure described
above. Samples w ere analyzed using IC-ICPM S on selected days and the concentration
o f each species w as recorded.

Table 4: Sample Concentrations for Arsenic Sample Preservation Study
_________ Sample____________ As(III) (ppb)
100% A s(V )
0
25% A s(n i) 75% As(V)
10
50% A s(n i) 50% A s(V )
20
7 5 % A s(n i)2 5 % A s(V )
30
IOO%As(V)
40

As(V) (ppb)
40
30
20
10
0

Sample Preservation Studv for Chromium
Table 5 sum m arizes the sample concentrations for the chrom ium samples
preservation study. Two sets o f five unacidified deionized w ater samples were prepared
w ith different concentrations o f Cr(III) and Cr(VI). One set was refrigerated at
approxim ately 4°C in a refrigerator and the other set was m aintained at 20°C for the
entire study period. The first sample contained 100% Cr(III) at a concentration o f
approxim ately 4 ppb, the second sample contained 75% Cr(III) and 25% Cr(Vl) at
concentrations o f about 3 ppb and 1 ppb respectively, the third sample contained 50%
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Cr(III) and 50% Cr(VI) at concentrations o f about 2 ppb and 2 ppb respectively, the
fourth sample contained 25% Cr(III) and 75% Cr(VI) at concentrations o f approxim ately
1 ppb and 3 ppb respectively, and the fifth sample contained 100% Cr(VI) at a
concentration o f about 4 ppb. Samples were prepared in polyethylene bottles that were
previously w ashed according to the ultra-clean m ethods described above. Samples were
analyzed using IC-ICPM S on certain selected days and the concentrations o f each species
after the elapsed time w ere recorded.

Table 5: Sample Concentrations for the Chrom ium Sample Preservation Study
_________ Sam ple____________ Cr(III) (ppb)
100% Cr(VI)
0
25% Cr(ni) 75% Cr(VI)
1
50% Cr(ni) 50% Cr(VI)
2
75% Cr(ni) 25% Cr(VI)
3
100% Cr(VI)
4

Cr(VI) (ppb)
4
3
2
1
0

A nother two sets o f five deionized w ater samples, acidified w ith nitric acid to 1%
H N O 3 , were prepared w ith different concentrations o f Cr(III) and Cr(VI). One set o f
these sam ples was m aintained at 4°C and the other at 20°C for the entire duration o f the
study. The first sample contained 100% Cr(III) at a concentration o f approxim ately 4
ppb, the second sample contained 75% Cr(III) and 25% Cr(VI) at concentrations o f about
3 ppb and I ppb respectively, the third sample contained 50% Cr(III) and 50% Cr(VI) at
concentrations o f about 2 ppb and 2 ppb respectively, the fourth sample contained 25%
Cr(III) and 75% Cr(VI) at concentrations o f about 1 ppb and 3 ppb respectively, and the
fifth sample contained 100% Cr(VI) at a concentration o f approxim ately 4 ppb. Samples
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were prepared in polyethylene bottles that were previously w ashed according to the ultra
clean m ethods described above. Samples tested at 20°C were left on the laboratory bench
and samples tested at 4°C were placed in a refrigerator that m aintained that temperature.
Samples were analyzed using IC-ICPM S at specific intervals and the concentration o f
was recorded.
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CH APTER 3

RESULTS AND DISCU SSION
Sample Preservation M ethod for Arsenic
A sample preservation study was conducted in order to determ ine the approxim ate
tim e in days that a sample containing various concentrations o f arsenite and arsenate can
retain its initial concentrations o f the two oxidation states. One study involved
m aintaining As(III) and As(V) spiked deionized w ater samples at 20°C, approxim ately
room tem perature, and the second study m aintained the spiked deionized w ater samples
at approxim ately 4°C in a refrigerator throughout the entire study. A total o f ten samples,
five at 20“C and five at 4°C, were m easured three times over the span o f seven days.
Each sample was analyzed for As(III) and As(V) using IC-ICPM S.
Figure 11 shows the change in concentration o f As(III) and A s(V) in the sample
spiked w ith approxim ately 10 ppb As(III) and 30 ppb As(V). The concentration o f total
arsenic, w hich is the sum o f As(III) and As(V), decreased by approxim ately 5% after
seven days for the sample at 20“C and about 4% for the sample m aintained at 4°C, which
are both w ithin instrum ent error. The concentration o f A s(lII) at both 4“C and 20°C was
found to be relatively constant throughout the seven days o f the experiment. The
concentration o f A s(V) was observed to decrease by about 5% after seven days at 20“C
and decrease about 4% in the sample m aintained at 4°C, w hich accounts for the decrease
in the total.
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Figure 11. Concentrations o f As(III) and As(V) in a deionized w ater spiked sample o f
approxim ately 10 ppb As(III) and 30 ppb As(V) over 7 days.

Figure 12 shows the change in concentration o f As(III) and As(V) in the sample spike
w ith about 20 ppb As(III) and 20 ppb As(V). This figure shows that the concentrations
o f total arsenic decreased by 11% for the spiked sample at 20°C and about 10% for the
spiked sample at 4°C after seven days. For the sample that was m aintained at 20°C, it
was observed that the concentration o f As(III) increased in concentration by about 30%
by day 7, w hile the concentration o f As(V) in the same sample decreased in concentration
by about 50%. Some o f the As(V) in this sample was reduced to As(III), while the
rem ainder sorbed onto the bottle walls. This apparent shift in oxidation states was not
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observed in the sample that was at 4°C. The concentrations o f As(III) and As(V) in this
sample both decreased by 9% and 11% respectively after seven days.
45
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Figure 12. Concentrations o f As(III) and As(V) in a deionized w ater sample spike with
approxim ately 20 ppb As(III) and 20 ppb As(V) over seven days.

The change in concentrations o f As(III) and A s(V) in the As(III) 30 ppb and As(V)
10 ppb spiked deionized w ater sample are plotted in Figure 13. It was found that the total
concentrations o f arsenic decreased for both temperatures. For the sample maintained at
20“C a 15% change in total concentration was observed, while for the sample at 4“C, a
17% change in total concentration was observed. As in the sample spike with about 20
ppb As(III) and 20 ppb As(V), it was also found that for the As(III) 30 ppb and As(V) 10
ppb sample that the concentration o f As(III) increased by about 18% and the
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concentration o f A s(V) decreased by 100%. Some o f the As(V) was reduced to As(III)
and the rem ainder sorhed onto the bottle surface. For the sample m aintained at 4°C, it
w as found that the concentrations o f As(III) and As(V) decreased by approxim ately 10%
and 38% respeetively.
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Figure 13. Concentrations o f A s(IlI) and As(V) in deionized w ater spiked samples o f
approxim ately A s(IlI) 30 ppb and As(V) 10 ppb over seven days.

Figure 14 shows the concentration changes o f As(III) and A s(V) in deionized water
samples that w ere spiked w ith 40 ppb A s(lll) and 40 ppb As(V). N either the A s(IlI)
100% nor the A s(V) 100% sample contained concentrations o f the other respective
oxidation state at the end o f seven days. It was found that the concentration o f A s(lll)
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decreased by approxim ately 12% in both the sample m aintained at 20°C and at 4°C. The
concentration o f As(V) decreased by only 6 % in both the sample m aintained at 20°C and
at 4°C. It was noticed that after one day, the concentration o f A s(V) in the sample
m aintained at 4°C only decreased by 0.8%, w hereas the concentration o f As(V) in the
sample m aintained at 20°C decreased by 3%.
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Figure 14. Concentrations o f As(III) and As(V) in deionized w ater spiked samples o f 40
ppb As(III) and 40 ppb A s(V) over a period o f seven days.

From these studies, it was found that there was a significant difference in the change
in concentrations o f As(III) and As(V) in samples spiked samples containing
approxim ately equal concentrations o f As (III) and As(V) or a 75% As(III) and 25%
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As(V) ratio that are m aintained at 4°C and 20°C. The samples that w ere m aintained at
20°C w ere found to display the m ost difference in the concentrations o f initial As(III) and
As(V) to final As(III) and final As(V). Because the arsenic species distribution in the
groundw ater in southern N evada is unknown, it was concluded that for arsenic analysis,
groundw ater samples are to be collected and m aintained at approxim ately 4°C and
analyzed prior to the seven day holding time in order to least im pact the original A s(lll)
and As(V) concentrations in the groundwater.

Sample Preservation M ethod for Chromium
For the determ ination o f the total am ount o f chrom ium in w ater samples, one usually
acidifies to a pH o f approxim ately 2 w ith nitric acid (Kotas & Stasicka, 2000). The
hydrogen atoms in nitric acid bond to active sites on the container’s wall, thus preventing
m etal ions from being sorbed and lost to the container walls (Kotas & Stasicka, 2000).
Two m ethods for preserving chromium oxidation state species in groundw ater samples
w ere investigated. The first m ethod involved spiking two sets o f five different samples
w ith various concentrations o f Cr(III) and Cr(VI) in 1% HNO3, keeping one o f these sets
o f samples at 20°C and the other at 4°C and m easuring the Cr(III) and Cr(Vl)
concentrations over three days. The second m ethod involved spiking two sets o f five
different samples o f deionized w ater w ith concentrations o f Cr(III) and Cr(VI), and
m aintaining one set at 20“C and the other set at 4°C.
Chrom ium Preservation in 1% Nitric A cid
Figure 15 shows the concentration changes o f Cr(III) and Cr(VI) in spiked 1% HNO3
samples o f approxim ately 1 ppb Cr(III) and 3 ppb Cr(VI). It was found that the total
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concentration o f chromium, consisting o f the sum o f Cr(III) and Cr(VI), decreased in
concentration by 92% for the sample at 20°C and 40% for the sample at 4°C over a 3 day
period. B y D ay 1, the concentration o f Cr(III) in the sample at 20°C had already gone to
0 ppb, w hile the concentration o f Cr(III) in the sample at 4°C had decreased by only 3%
after the first day and 38% after the third day. The concentration o f Cr(VI) in the sample
at 20“C had decreased by 60% after D ay 1 and 90% after three days. In the sample
m aintained at 4°C, a 40% decrease was observed after D ay 1 and a

6 8

% decrease was

observed after three days.
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Figure 15. Concentrations o f Cr(III) and Cr(VI) in 1 % H N 0 3 spiked samples o f
approxim ately 1 pph Cr(III) and 3 ppb Cr(VI) over three days.
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Figure 16 shows the concentrations o f Cr(III) and Cr(VI) in 1 % H N 0 3 samples spiked
w ith approxim ately 2 ppb Cr(III) and 2 ppb Cr(VI) and observed over three days. It was
found that the total concentrations o f chrom ium decreased in samples m aintained at 20°C
and at 4°C by approxim ately 97% and 73% respectively. By D ay 3, the concentration o f
Cr(III) in the sample m aintained at 20°C had decreased to 0 ppb, w hile the concentration
o f Cr(III) in the sample at 4“C had decreased by 42%. The concentration o f Cr(Vl) in the
sample m aintained at 20°C was observed to decrease by 95%, while the sample at 4“C
had a decrease in Cr(VI) concentration o f about 80%.
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Figure 16. Concentrations o f C r(lll) and Cr(V l) in P/0HNO3 spiked samples with
approxim ately 2 ppb Cr(III) and 2 ppb Cr(V l) over three days.
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The concentration changes in 1 % HN 0 3 samples spiked w ith about 3 ppb Cr(III) and
1 ppb Cr(VI) and m aintained at 20°C and 4°C can be found in Figure 17. The
concentration o f total chrom ium was found to decrease by

100

% for the sample

m aintained at 20°C and 70% for the sample m aintained at 4°C. B y D ay 1, the
concentration o f Cr(III) in the sample at 20°C had decreased by 91% and by D ay 3 was 0
ppb, w hereas the sample at 4°C had decreased by 26% and 60% by the third day. The
concentration o f Cr(VI) was Oppb by the first day for the sample at 20°C, whereas the
concentration o f Cr(VI) in the sample at 4°C decreased by 46% on the first day and 91%
by the third day.
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Figure 17. Concentrations o f Cr(III) and Cr(VI) in 1% H NO 3 spiked samples o f
approxim ately 3 ppb Cr(III) and 1 ppb Cr(VI) over three days.
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Figure 18 shows the concentrations o f Cr(III) and Cr(VI) in 1% HNO3 spiked
samples o f 4 ppb Cr(III) and 4 ppb Cr(VI) that w ere m aintained at 20“C an 4°C. It was
found that the Cr(VI) 100% spiked sample m aintained at 4“C decreased in Cr(VI)
concentration over the course o f three days, w hile at the same time, increased in
concentration o f Cr(IlI). Perhaps some o f the Cr(V l) in this sample was converted to
Cr(III). The concentration o f Cr(IlI) in the Cr(III) 100% sample at 20°C decreased in
concentration and at D ay 3 was observed to be 0 ppb, whereas the sample m aintained at
4°C decreased in concentration to

6 6

% o f the initial concentration.
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Figure 18. Concentrations o f Cr(lII) and Cr(VI) in 1% HNO3 spiked samples w ith 4 ppb
o f Cr(lII) and 4 ppb o f Cr(VI) m aintained at 4°C and 20°C and observed over three days.
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Despite the utility o f 1% H N O 3 as a preservation m ethod for the determ ination o f
total concentrations o f chrom ium in w ater samples, it was found that the sample
concentrations o f both Cr(III) and Cr(VI) continually decreased w ith time. Samples that
w ere m aintained at 4°C were found to decrease in Cr(III) and Cr(VI) concentrations at a
relatively slow er rate than those samples that were m aintained at 20°C.
Chrom ium Preservation in DI W ater
Figure 19 shows the concentrations o f Cr(III) and Cr(VI) in deionized w ater spiked
w ith approxim ately 1 ppb Cr(III) and 3 ppb Cr(VI). It was found that the concentration
o f total chrom ium , from the sum o f Cr(III) and Cr(VI) concentrations, decreased by 64%
and

68

% in samples m aintained at 20°C and 4°C, respectively, over four days. The

concentration o f Cr(III) w as found to be 0 ppb after only one day in the sample at 20“C,
w hereas in the sample at 4°C, the concentration o f Cr(III) decreased by only 6 % after one
day, and was found to be 0 ppb after four days. The concentration o f Cr(VI) decreased
by 54% and 52%, respectively, in samples at 20°C and 4°C after 4 days.
Figure 20 shows the concentrations o f Cr(III) and Cr(Vl) for deionized w ater spiked
samples o f approxim ately equal concentrations o f C r(lll) and Cr(VI). It was found that
the total concentration o f chrom ium decreased by 73% for the sample at 20°C and 34%
for the sample at 4°C, after four days. A fter one day at 20°C, the concentration o f C r(lll)
was found to be 0 ppb, whereas the concentration o f Cr(III) in the sample at 4“C
decreased b y only 6 % after one day and 62% by day four. The concentration o f Cr(Vl) at
20°C was found to decrease by 52% after four days, whereas the sample m aintained at
4“C decreased by 49% after four days.
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Figure 19. Concentrations o f Cr(III) and Cr(VI) in deionized w ater samples spiked with
approxim ately 1 ppb Cr(III) and 3 ppb Cr(VI) and observed over four days.
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Figure 20. Concentrations o f Cr(III) and Cr(VI) in deionized w ater samples spiked with
approxim ately 2 ppb Cr(IIl) and 2 ppb Cr(VI) over four days.
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Figure 21 shows the concentrations o f Cr(III) and Cr(VI) in deionized w ater samples
spiked w ith approxim ately 3 ppb Cr(III) and 1 pph Cr(VI). It was found that the total
concentration o f chrom ium decreased in the sample at 20°C by about 80% after four days
and about 53% in the sample at 4°C after four days. The concentration o f Cr(IlI) was
found to be 0 pph after four days in the sample at 20°C, whereas the sample that was
m aintained at 4°C decreased in concentration by only 7% after day one and 62% after
four days. The concentration o f Cr(VI) decreased by 10% after one day and 29% after 4
days for the sample m aintained at 20°C. The sample m aintained at 4°C decreased by only
2% after the first day and 22% by day 4.
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Figure 21. Concentrations o f Cr(III) and Cr(VI) in deionized w ater samples spiked with
approxim ately 3 ppb Cr(III) and 1 ppb Cr(VI) observed over four days.
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Figure 22 shows the concentrations o f Cr(III) and Cr(VI) in deionized w ater samples
that were spiked w ith 4 ppb o f Cr(III) and 4 ppb o f Cr(VI). It was found that the samples
w ith 100% Cr(III) individually and 100% Cr(V l) individually did not have concentrations
o f the other oxidation state over the four day study. The concentration o f C r(lll) in the
sample m aintained at 20°C was found to decrease in concentration by approxim ately 64%
after one day and after four days was found to be 0 ppb. The concentration o f C r(lll) in
the sample m aintained at 4°C, on the other hand, was found to decrease by 2% after the
first day and 11% by the fourth day. The concentration o f Cr(V l) was found to decrease
by 14% after the first day and 63% by the fourth day at 20°C. For the sample maintained
at 4°C, a 6% decrease w as observed after one day and a 59% decrease in concentration
w as observed after four days.
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Figure 22. Concentrations o f C r(lll) and Cr(V l) in deionized w ater samples spiked with
4 ppb o f C r(lll) and 4 ppb o f Cr(Vl) over four days.
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I

It w as found that the concentrations o f Cr(III) and Cr(VI) decreased m ore quickly in
samples that w ere at 20°C than at 4°C throughout the course o f the study. From the
results o f the stability o f chrom ium species in deionized w ater over time, it was
concluded that for the purposes o f groundwater sample analysis, samples should be
m aintained at a near neutral pH to avoid conversion o f Cr(Vl) to C r(lll), they should be
refrigerated at 4°C, and they should be analyzed w ithin 24 hours.

M ethod D etection Limits
A n instrum ent’s m ethod detection lim it (M DL) is used to quantify its lowest
m easurable concentration o f an analyte in a sample taken through the analysis method, in
this case IC-ICPM S. Seven replicates or aliquots o f a sample spiked w ith a concentration
two to five tim es the estim ated instrum ent detection limit are analyzed. The M DL is
calculated by the following formula:
M DL = t X s

(1)

where t us the student’s t-value at 99% confidence w ith n-1 degrees o f freedom (for
seven replicates, t=3.14), and s is the standard deviation o f the seven replicates.
Arsenic
M ethod detection limits w ere determ ined for A s(lll) and As(V). Deionized water
spiked w ith 0.050 ppb o f A s(lll) was analyzed seven times under a calibration curve for
A s(lll) using IC-ICPM S. Similarly, deionized w ater spiked w ith 0.050 ppb o f As(V) was
analyzed seven tim es under a calibration curve for As(V). The raw data and calculations
o f the detection limits can be found in APPEND IX 11. It was found that the M DL for
A s(lll) was 0.011 ppb and the M D L for As(V) was 0.005 ppb. W hen reporting data, any
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samples that contain low er concentrations than the M DL are docum ented as <0.011 ppb
for A s(lll) and 0.005 ppb for As(V).
Chromium
The m ethod detection limits were also determ ined for C r(lll) and Cr(Vl). Deionized
w ater spiked w ith 0.050 ppb o f C r(lll) and deionized w ater spiked w ith 0.050 ppb o f
Cr(Vl) was analyzed seven times under a C r(lll) and a Cr(Vl) calibration curve,
respectively. The raw data can be found in A PPEND IX 11. It was found that the M DL
for C r(lll) was 0.015 ppb and the M DL for Cr(V l) was 0.02 ppb. Thus, any samples that
contain low er concentrations than the M D L are reported as <0.015 ppb for C r(ll) and
<0.02 ppb for Cr(Vl).

Arsenic Concentrations in Southern N evada Groundwater
N ye County Samples Fall 2002
Two different types o f samples were collected during the fall o f 2002 from wells in
N ye County. A rsenite and arsenate concentrations were m easured using IC-ICPM S in
unacidified filtered and unacidified unfiltered.
The concentrations o f A s(lll) and As(V) in the sam ples that w ere unacidified and
filtered can be found in Figure 23 and the concentration data can be found in APPENDIX
111. In the m ajority o f the sampled wells, the concentration o f A s(V) was much greater
than the concentration o f A s(lll), indicating that the groundw ater in these wells are under
oxidizing conditions w ith respect to arsenic. In some wells, such as 22S Zone 2, 22S
Zone 3, and 22S Zone 4, the concentrations o f A s(lll) and As(V) w ere found to be
approxim ately equal, indicating that there is an equally oxidizing and reducing presence
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in these waters. In the 7SC Zone 1, 7SC Zone 2, and 7SC Zone 3 wells, it was found that
there was m ore As(III) than As(V), indicating that there exists strong reducing conditions
in the groundw ater o f these wells w ith respect to arsenic. The m ajority o f the samples
contained concentrations o f total arsenic, w hich is the sum o f As(III) and As(V)
concentrations, o f less than the EPA M CE o f 10 ppb. Some samples such as 23? Deep,
7SC Zone 1, 7SC Zone 2, and VH-1 w ere found to have concentrations that exceeded the
M CE on the order o f 12-20 ppb.
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Figure 23. A s(III) and A s(V) concentrations in Nye County unacidified filtered samples
collected in fall 2002. M easurem ents are ±5% for As(III) and As(V).

In order to assess data quality and sampling precision, field samples w ere collected in
duplicate. The duplicate samples w ere analyzed identical to the samples. The
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concentrations if As(III) and As(V) betw een samples and duplicates agreed to within

±10%x
The eoneentrations o f As(III) and As(V) for unacidified unfiltered samples can be
found in Figure 24 and the concentration data can be found in APPEND IX IV. The
m ajority o f the sam pled wells contained a greater concentration o f As(V) than A s(Ill),
signifying oxidizing conditions w ith respect to arsenic. Some samples collected under
this method, sueh as 22S Zone 2, 22S Zone 3, and 22S Zone 4, w ere found to eontain
approxim ately equal eoneentrations o f As(III) and As(V), indieating an equally oxidizing
and redueing condition in the groundwater. The 7SC Zone 1, 7SC Zone 2, and 7SC Zone
3 wells contained a higher eoncentration o f As(III) than As(V), signifying that these wells
are located in a redueing environment. The samples and sample field duplicates collected
under unacidified and unfiltered conditions also showed an agreem ent o f ± 10%.
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Figure 24. As(III) and A s(V) concentrations in Nye County unacidified unfiltered
samples collected fall 2002. M easurem ents are ±5% for As(III) and As(V).
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A paired t test can be used to com pare the difference betw een one set o f data and a
second set o f data w hen each data point from the first sample set is m atched and related
uniquely to a data point in the second data set. In this case, the first data set represents
the concentration o f As(III) in the filtered samples and the second data set represents the
concentration o f As(III) in the unfiltered samples. APPEND IX V shows the calculation
o f the paired t test for As(III) filtered and unfiltered samples and As(V) filtered and
unfiltered samples. A t an a-level o f 0.05, it was found that there was no difference
betw een As(III) eoneentrations in the filtered and unfiltered samples and there was no
significant difference betw een the As(V) concentrations in the filtered and unfiltered
samples.
N ye County Samples Fall 2003
Samples collected in N ye County wells in the fall o f 2003 w ere eollected as
unacidified and filtered only. Figure 25 shows the concentrations o f As(III) and As(V) in
the N ye County wells in fall 2003 and APPEND IX V I contains the raw data. The
m ajority o f the groundw ater wells contained m ore As(V) than As(III) indicating that
these w ell are located in an oxidizing environment. Some wells sueh as 18P, 24P, 3S
Zone 2, and 28P, contained approxim ately equal concentrations o f As(III) and As(V),
indieating that these wells have approxim ately equal oxidizing and reducing conditions
so that both species are able to co-exist. The 7SC Zone 1, 7SC Zone 2, and 7SC Zone 3
wells are the only samples that contained m ore As(III) than As(V), w hich indicates that
the groundw ater from these wells is redueing.
Some sam pled wells also contained eoneentrations o f total arsenic that exceeds the
EPA M CE for arsenie. W ells 4PB, 19IM1 Zone 5, andI9IM 2, contained the most total
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arsenic at 29 ppb, 32 ppb, and 34 ppb respectively. The 23P Shallow, 27P, and 23P Deep
wells contained total arsenic concentrations o f 12 ppb, 13 ppb, and 16 ppb respectively.
Field sample duplieates w ere also eollected for the N ye County fall 2003 wells. It was
found that the samples and their respective duplieates agreed w ithin 10% for most
samples.
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Figure 25. A s(III) and As(V) Concentrations in Nye County fall 2003 samples.
M easurem ents are ±5% for As(III) and As(V).

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Nye County W ells 2002 vs 2003
Some wells in N ye County w ere samples in the fall o f 2002 as well as in the fall o f
2003. Figures 26 and 27 show the com parison o f the concentrations o f As(III) and As(V)
respectively.
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Figure 26. Com parison o f As(III) concentrations in N ye County w ells samples in both
fall 2002 and fall 2003. M easurem ents are ±5% for As(III) and As(V).

M ost o f the samples contained m ore As(III) in the fall 2002 samples, except for well
18P, w hieh eontained m ore As(III) in fall 2003. Only the well 7SC Zone 3 contained
approxim ately the same am ount o f As(III) in fall 2002 samples and fall 2003 samples.
The concentrations o f As(V) from 2002 to 2003 are greater for samples collected in 2003.
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Only lOP Deep, lOS Zone 2, 18P, and 23P Deep wells contained m ore As(V) in samples
eollected in fall 2002.
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Figure 27. Com parison o f As(V) concentrations in Nye County wells sampled in fall
2002 and fall 2003. M easurem ents are ±5% for As(III) and As(V).

U pon further analysis, the sum o f As(III) and As(V) was calculated for 2002 and
2003 N ye County samples. Figure 28 shows the eom parison o f the arsenie oxidation
state totals in 2002 and 2003. M ost o f the samples contain approxim ately the same total
arsenic from one year to the next. For sample lOS Zone 2, it w as noted that the
coneentration o f As(III) and As(V) decreased from 2002 to 2003, thus the decrease in the
total concentration in 2003 is due to a decrease o f both oxidation states in the water. The
total concentration o f arsenic in well 18P rem ained the approxim ately the same in 2002
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and 2003. In 2003, 18P contained 2.6 ppb m ore As(III) in than in 2002, but in 2002, 18P
contained 2.4 m ore A s(V) than in 2003, indicating the possibility that some o f the A s(lll)
in the w ell was reduced to As(V). The wells 22S Zone 2 and 22S Zone 3 also show a
difference in redox eonditions from As(III) and A s(V) m easurem ents taken in 2002 and
2003. The total concentrations o f arsenic in these samples were approxim ately equal in
2002 and in 2003. The well 22S Zone 2 contained 2.2 ppb m ore As(V) in 2003 than in
2002, and in 2002 this w ell contained 1.9 ppb m ore As(III), indicating that there was
perhaps a conversion o f As(III) to As(V) betw een fall 2002 to fall 2003. A similar
observation is seen in w ell 22S Zone 3. The eoncentration o f A s(V) was 1.6 ppb higher
in 2003 than in 2002, and the concentration o f As(III) in 2002 was greater by 1.7 ppb in
2002 than in 2003, indicating again the possibility o f a shift in the redox conditions o f the
w ater to a favorable oxidizing environment.
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Figure 28. Com parison o f the total arsenic concentrations in N ye County wells sampled
in fall 2002 and 2003. M easurem ents are ±5% for As(III) and As(V).
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Inyo County Samples 2003
Samples collected in Inyo County w e only unacidified and filtered. Figure 29 shows
the eoneentrations o f As(III) and As(V) for samples loeated in Inyo County and the data
are located in A PPEN D IX VII. All the samples contained more As(V) than As(IIl)
indicating that the groundw ater in these wells is oxidizing with respect to arsenic. All
wells, w ith the exception o f W arm Spring, contained total arsenic concentrations greater
than the EPA M C E o f 10 ppb. Field sample duplicates were also collected for the Inyo
County wells. The samples and sample duplicates varied by 50% for SF-1 for both
As(III) and A s(V) perhaps due to sample collection procedures, and less than 1% for
As(III) and 5% for As(V) for Travertine #2.
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Figure 29. A s(III) and As(V) concentrations in Inyo County samples. M easurem ents are
±5% for As(III) and As(V).
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NTS and N TTR Samples 2003
The concentrations o f As(III) and As(V) for wells o f the NTS and the N TTR can be
found in Figure 30 and the data are listed in APPEND IX VIII. The m ajority o f these
wells contained m ore As(V) than As(III) indicating that these wells are in an oxidizing
environm ent w ith respect to arsenic. The well ER-12-2 contained alm ost five times more
As(III) than A s(V) indicating that this w ell is located in reducing groundw ater conditions.
All the wells contained total arsenic concentrations less than the EPA M CE o f 10 ppb
except for w ell E R -I8-2, w hich contained approxim ately 30 ppb o f total arsenic.
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Figure 30. Concentrations o f As(III) and As(V) in NTS and N TTR samples.
M easurem ents are ±5% for As(III) and As(V).
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Chrom ium Concentrations in Southern N evada Groundwater
N ve Countv Samples Fall 2002
Samples w ere collected from Nye County wells in fall 2002 as unacidified filtered
and unacidified unfiltered for chrom ium analysis. Figure 31 shows the concentrations o f
Cr(III) and Cr(VI) in the N ye County wells for samples that w ere unacidified and filtered
and the data can be found in A PPENDIX IX.
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Figure 31. Cr(III) and Cr(VI) concentrations in unacidified filtered N ye County 2002
samples. M easurem ents are ±10% for Cr(VI).

All wells that contained any chrom ium contained this element in the higher oxidation
state, w hich is the m ore toxic o f the two forms o f chrom ium in water. Due to the
presence o f the Cr(VI) in the wells, oxidizing conditions with respect to chromium
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dominate these waters. The EPA set the M CL for total chrom ium at 100 ppb, however
none o f the groundw ater wells contained total chrom ium concentrations that exceeded
this level. Field sample duplicates w ere also analyzed for chrom ium species. It was
found that the m ajority o f the samples agreed w ith sample duplicates by ± 15%.
The concentrations o f Cr(III) and Cr(VI) in samples that w ere unacidified and
unfiltered can be found in Figure 32 and the data results can be found in A PPENDIX X.
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Figure 32. Cr(III) and Cr(VI) concentrations in Nye County fall 2002 samples that were
unacidified and unfiltered. M easurem ents are ±10% for Cr(VI).

In the samples that contained chromium, only Cr(VI) was present, indicating that the
groundw ater o f these w ells is in an oxidizing environm ent with respect to chromium.
The well that contained the highest concentration o f chrom ium was 23P Deep at
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approxim ately 2.5 ppb, well below the EPA M CL o f 100 ppb. Samples and sample
duplicates w ere com pared in the unfiltered samples. It was found that sam pling precision
and reproducibility varied by ±10% for m ost samples.
A paired t-test w as conducted for the Cr(VI) concentrations in the unfiltered and
filtered N ye County 2002 samples. APPEND IX X I shows the paired t-test calculation. It
w as found at the a-level o f 0.05, there is not a significant difference betw een the filtered
and unfiltered samples for Cr(VI) concentrations. Due to the relatively small difference
in m easurem ents o f chrom ium for an unfiltered or a filtered sample, either sample
collection m ethod w ould yield com parable results. However, as well as collecting
samples for oxidation state measurem ents, filtered samples are collected for m ajor cation,
m ajor anion, trace element, and rare earth element analysis, thus for sample efficiency
and com parability, it was decided that it is best to collect oxidation state samples as
filtered only.
The concentrations o f arsenic and the concentrations o f chrom ium in each o f the Nye
County w ells for 2002 can be com pared based in the dom inant oxidation state o f each
well. The wells 7SC Zone 1, 7SC Zone 2, and 7SC Zone 3 contained m ore As(III) than
As(V), however, these wells contained Cr(III) and Cr(VI) below the m ethod detection
limits. All other wells that contained more As(V) than A s(lII) also contained more
Cr(VI) than Cr(III), w ith the exception o f 22S Zone 2.
Nve Countv Samples Fall 2003
Figure 33 shows the concentrations o f Cr(III) in samples collected from N ye County
wells in the fall o f 2003 and the data associated w ith this figure are found in APPENDIX
XII.
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Figure 33. Cr(III) and Cr(VI) concentrations in Nye County groundw ater well samples
collected in fall 2003. M easurem ents are ±5% for Cr(III) and ±10% for Cr(VI).

In fall 2003, N ye County samples were only collected as unacidified and filtered for
chrom ium analysis. The m ajority o f the samples contained m ore Cr(VI) than Cr(III),
indicating that these wells are located in oxidizing groundw ater conditions. Some o f the
wells, however, contained m ore Cr(III) than Cr(VI) such as 24P, 28P, 7SC Zone 2, 7SC
Zone 3, and 7SC Zone 4, indicating that these wells are in a reducing environment. The
w ell 23P Shallow contained the highest concentration o f total chrom ium o f
approxim ately 4 ppb, w hich is w ell below the EPA M C L o f 100 ppb for total chromium
in water. Samples and sample duplicates agreed w ithin ± 10% for m ost sample
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concentrations o f Cr(VI) and up to 50% for concentrations o f Cr(III). Overall, sampling
procedures can be considered precise for the analysis o f chrom ium species.
Nve Countv 2002 vs 2003
Sixteen o f the same groundw ater wells w ere sampled in the fall o f 2002 and in the fall
o f 2003. In the 2002 samples, no Cr(III) was detected, how ever in 2003, nine o f the
sixteen w ells had m easurable quantities o f Cr(III). A com parison o f the Cr(VI)
concentrations in N ye County 2002 wells and N ye County 2003 wells can be found in
Figure 34. The concentrations o f Cr(VI) varied from fall 2002 to fall 2003 w ith some
wells increasing in Cr(VI) concentration and some wells decreasing in Cr(VI)
concentration in 2003.
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Figure 34. Com parison o f N ye County 2002 Cr(VI) concentrations w ith Nye County
2003 Cr(VI) concentrations. M easurem ents are ±10% for Cr(VI).
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Inyo County Samples 2003
The concentrations o f Cr(III) and Cr(VI) in samples collected from Inyo County can
be found in Figure 35 and the data are listed in A PPENDIX XIII. All o f the groundwater
wells in Inyo County contained m ore Cr(VI) than Cr(III), indicating that these wells are
in an oxidizing environm ent w ith respect to chromium. Travertine #2 well was the only
w ell that contained both Cr(III) and Cr(VI). Similarly, Travertine #2 well was the only
w ell in Inyo County that contained concentrations o f both As(III) and As(V). Thus, this
well contains conditions that are favorable for the coexistence o f both arsenic and
chrom ium oxidation state species. Samples and sample duplicates varied slightly for
both Cr(III) and Cr(VI) for Inyo County samples. SF-1 and SF-1 duplicate samples
agreed to w ithin 3% for Cr(VI) , w hereas Travertine #2 and Travertine #2 duplicate
differed b y 40% for Cr(VI) and 150% for Cr(III).
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Figure 35. Cr(III) and Cr(VI) concentrations in Inyo County samples. M easurem ents are
±5% for Cr(III) and ±10% for Cr(VI).
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NTS and N TTR Samples 2003
Figure 36 shows the concentrations o f Cr(III) and Cr(VI) in the NTS and NTTR
samples and A PPEND IX XIV lists the corresponding data. All samples, except for EREC-18-2, contained m ore Cr(VI) than Cr(III), indicating that these wells are in an
oxidizing environm ent w ith respect to chromium. The well ER-EC-18-2 contained more
Cr(III) than Cr(VI) indicating that the groundw ater at this well location has reducing
conditions. N one o f the wells contained total chrom ium concentrations that exceeded the
EPA M C L o f 100 ppb. The ER-EC-1 well contained the highest concentration o f total
chrom ium o f approxim ately 1.7 ppb. Samples and sample duplicates w ere com pared in
the NTS and N TTR analysis. It was found that the samples and field duplicates agreed to
w ithin 10% for Cr(III) and Cr(VI) and 50% for Cr(III) in ER-EC-18-2 well.
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Figure 36. Cr(III) and Cr(VI) concentrations in wells located in the NTS and the NTTR
in 2003. M easurem ents are ±5% for Cr(III) and +10% for Cr(VI).
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Eh Calculations in Nye County 2002 and 2003
and Inyo County Samples
U sing the concentrations o f As(III), As(V), Cr(III), and Cr(VI) in the Nye County
2002, N ye County 2003, and Inyo County Samples, and the pH o f the samples, Eh values
were calculated. A sample o f these calculations can be found in A PPEND IX XV and
Tables 6-8 show the calculated Eh results for each sampling period.

Table 6. Eh V alues for N ye County Fall 2002 G roundwater W ells
S a m p le
S ite

to p Deep
to p Shallow
10P Shallow Dup
10S Zone 2
10S Zone 2 Dup
18P
22PA Deep
22PA Deep Dup
22PA Shallow
22PB Deep
22PB Deep Dup
22PB Shallow
22PB Shallow Dup
22S Zone 1
22S Zone 3
22S Zone 4
22S Zone 4 Dup
VH-1

S a m p le
pH

7.75
7.75
7.77
7.94
7.89
8.19
7.44
7.43
7.64
7.84
7.87
8.03
8.00
7.68
7.95
8.22
8.20
8.09

Eh C a lc A s
(V olts)

Eh C a lc C r
(V olts)

0.01
0.02
0.02
-0.06
-0.06
-0.03
0.03
0.05
0.01
-0.01
-0.002
-0.04
-0.04
-0.04

0.33
0.33
0.33
0.31

-0.08

-0.11
-0.11
-0.07

0.32

0.28
0.36
0.37
0.34
0.33
0.32
0.30
0.31
0.32
0.29
0.28
0.28
0.28

Table 7. Eh Values for Inyo County Groundwater W ells
S a m p le
S ite

SF1
SF1 Dup
SF2
Travertine #2

S a m p le
pH

Eh C a lc A s
(V olts)

E h C a lc C r
(V olts)

7.63
7.65
7.70
7.77

0.02
0.02
0.02
-0.02

0.35
0.34
0.34
0.33
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Table 8. Eh Values for Nye County Fall 2003 Groundwater Wells
S a m p le
S ite

to p Deep
to p Deep Dup
10P Shallow
to p Shallow Dup
10S Zone 1
10S Zone 1 Dup
10S Zone 2
10S Zone 2 Dup
16P
18P
18P Dup
19IM1 Zone 5
19IM1 Zone 5 Dup
19IM2
19IM2 Dup
22PA Deep
22PA Deep Dup
22PA Shallow
22PB Deep
22PB Deep Dup
22PB Shallow
22PB Shallow Dup
22S Zone 1
22S Zone 1 Dup
22S Zone 2
22S Zone 2 Dup
22S Zone 3
22S Zone 3 Dup
22S Zone 4
22S Zone 4 Dup
23P Deep
23P Deep Dup
23P Shallow
23P Shallow Dup
27P
29P
29P Dup
4PB
4PB Dup

S a m p le
pH

E h C a lc A s
(V olts)

Eh C a lc C r
(V olts)

7.57
7.64
7.39
7.47
7.80
7.84
7.83
7.79
8.52
7.99
8.22
8.77
8.75
8.85
8.86
7.39
7.46
7.49
7.76
7.79
7.79
7.90
7.35
7.38
7.57
7.52
7.81
7.79
7.99
8.02
7.94
8.1
7.70
7.85
8.36
8.10
8.22
9.23
9.36

0.03
0.02
0.05
0.06
-0.02
-0.02
-0.02
-0.02
-0.11
-0.08
-0.11
-0.11
-0.11
-0.09
-0.09
0.06
0.03
0.03
0.00
-0.01
-0.02
-0.03
0.06
0.05
0.01
0.01
-0.01
-0.02
-0.04
-0.04
-0.04
-0.04
0.00
-0.02
-0.11
-0.05
-0.05
-0.18
-0.19

0.34
0.33
0.36
0.35
0.32
0.32
0.31
0.32
0.26
0.29
0.27
0.23
0.23
0.22
0.22
0.36
0.36
0.35
0.33
0.33
0.33
0.31
0.37
0.36
0.34
0.34
0.32
0.32
0.30
0.30
0.33
0.31
0.35
0.33
0.26
0.30
0.29
0.20
0.18

Figure 37 shows a plot o f the Eh values calculated from the arsenic redox couples,
As(III) and As(V), and the Eh calculated from Cr(III) and Cr(VI) concentrations. This
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plot shows that there is a positive relationship between the Eh calculated from the arsenic
redox couples, As(III) and As(V), and the Eh values calculated from Cr(III) and Cr(Vl),
w ith a correlation coefficient (R^) o f 0.89. This result suggests that waters that are found
to he reducing w ith respect to arsenic are likely to be reducing w ith respect to chromium.
W aters that are oxidizing w ith respect to arsenic are also likely to he oxidizing with
respect to chromium.
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Figure 37. Eh calculated from Cr(III) and Cr(VI) vs Eh calculated from As(III) and As(V)
in Nye County 2002, N ye County 2003, and Inyo County Wells.
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CHAPTER 4

CONCLUSION
Two m ethods were em ployed to separate and m easure the inorganic oxidation state
species o f arsenic and chrom ium in groundw ater using IC-ICPM S. The IC-ICPM S is a
rapid and sensitive technique for the determ ination o f arsenic and chrom ium species in
groundwater. A m ethod for the separation and m easurem ent o f As(III) and As(V) was
found to have a total run tim e o f 10 minutes, w here As(III) had a retention time o f 90
seconds and A s(V) had a retention time o f 400 seconds. M ethod detection limits were
found to be 0.011 pph and 0.005 pph for As(III) and As(V) respectively. The IC-ICPMS
m ethod for the separation and m easurem ent o f Cr(III) and Cr(VI) had a total analysis
tim e o f 5 m inutes, w here Cr(III) had a retention tim e o f 75 seconds and Cr(VI) had a
retention tim e o f 175 seconds. For chrom ium analysis, the IC-ICPM S was used with the
D ynam ic R eaction Cell to eliminate polyatom ic interferences at m /z 52, and thus the
instrum ent m ethod detection limits o f 0.015 pph and 0.02 ppb for Cr(III) and Cr(Vl),
respectively, w ere obtained.
A sample preservation study was conducted in order to observe the stability o f the
As(III), As(V), Cr(III), and Cr(VI) species over time. It was found that collected arsenic
samples should he filtered, preserved at 4°C, and analyzed w ithin 7 days o f collection in
order to ensure that the m easured concentrations o f As(III) and As(V) resem ble those o f
the initial concentrations in the collected samples. For chrom ium analysis, the stability o f
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the Cr(III) and Cr(VI) species changed significantly w ith time, thus it was found that
samples should be unacidified, preserved at 4°C, and analyzed w ithin 24 hours.
G roundw ater samples were collected from wells part o f the N ye County Early
W arning D rilling Program, in fall 2002 and fall 2003, from the N evada Test Site and
N ellis Test and Training Range in 2003, and from Inyo County in 2003. The m ajority o f
the groundw ater w ells in each o f these locations contained more A s(V) than As(III)
indicating that these groundw ater wells contain oxidizing conditions w ith respect to
arsenic. The total arsenic concentrations in the groundw ater wells ranged from 1 ppb to
45 ppb. A bout 30% o f these groundw ater w ells contained total arsenic concentrations
that exceeded the EPA M CL o f 10 ppb. M ost o f these groundw ater wells contained more
Cr(VI) than Cr(III) in each o f the groundw ater w ell locations, indicating that these wells
are in an oxidizing environm ent w ith respect to chromium. It was found that the total
concentration o f chrom ium in these groundwater w ells ranged betw een 0.25 ppb to 4 ppb,
none found to exceed the EPA M CL o f 100 pph.
B y com paring the results for As(III), As(V), Cr(III), and Cr(VI) for samples that were
collected as filtered and unfiltered, it was found that there was no significant difference in
the sam pling methods. Because there are samples collected for the analysis o f major
cations, m ajor anion, trace elements, and rare earth elements that are filtered, it was
decided that samples for oxidation state analysis also be filtered. These samples can then
all be com pared to one another since they are all collected the same way.
U sing the m easured concentrations o f As(III) and As(V) and the m easured
concentrations o f Cr(III) and Cr(VI) w ith the groundw ater pH, Eh values for each
groundw ater w ell can be calculated. It was found that the calculated Eh obtained from
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the arsenic redox species and the calculated Eh from the chrom ium redox species
positively correlated w ith an

value o f 0.88. This finding suggests that a well that is

reducing w ith respect to arsenic is likely to be reducing w ith respect to chromium. Wells
that are oxidizing w ith respect to arsenic are likely to he oxidizing w ith respect to
chromium.
In order to determ ine w hether a w ater system is oxidizing or reducing, and how this
inform ation can he used to predict the fate and transport o f radionuclides present in
nuclear waste, several different redox couples, other than As(III)/A s(V) and
Cr(III)/Cr(VI) m ust he measured. O ther redox couples in the groundw ater include
Fe(II)/Fe(III), M n(II)/M n(IV), Sh(III)/Sb(V), Cu(I)/Cu(II), Se(IV)/Se(VI), U(IV)/U(VI),
and V(IV)/V(V). B y m easuring the concentrations o f these elem ent species in
groundw ater samples, a redox scale can be developed to predict the oxidation state
distribution o f elements in groundwater.
O ther research goals in this area o f study include the investigation o f other possible
preservation methods. Samples spiked w ith concentrations o f As(III) and As(V) and
Cr(III) and Cr(VI) can he m onitored for stability over tim e in such m atrices as
hydrochloric acid or acetic acid.
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APPENDIX I

G ROU N DW ATER W ELL PUM P IN FO RM ATION
For collection o f the groundwater samples, two different pum ps were utilized
depending on the size and depth o f the wells. One pum p was an electric suhmersihle
im peller pum p hy Grundfos and the second was a piston pump by Bennett. The Bennett
pum p requires com pressed air or nitrogen to operate. In the N ye County sampling period
o f 2002, it was suspected that some air from the Bennett pump had leaked into the 22S
Zone 1-4 groundw ater samples, and thus m ay have affected the concentration o f
dissolved oxygen in these wells. In the N ye County 2003 sampling period, hoth
com pressed air and nitrogen w ere used at various wells to test the dissolved oxygen
concentrations. It was concluded hy the N ye County pum ping team that the compressed
air did not affect the dissolved oxygen concentrations in the groundw ater wells.
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APPENDIX II

A RSENIC (III) AND ARSENIC (V) M ETHOD
D ETEC TION LIM IT RA W DATA
AND CALCULATIONS

As(lll)
A m t (ng)

Blank
1MDL As3
2MDL As3
3MDL As3
4MDL As3
5MDL As3
6MDL As3
7MDL As3

0
0.0092
0.0088
0.0103
0.009
0.01
0.0099
0.0107

SD

0
0.046
0.044
0.0515
0.045
0.05
0.0495
0.0535
0.003559026

M D L (SD *3.14)

0.011

As(V)
A m t (ng)

Blank
MDL1 As5
MDL2 As5
MDL3 As5
MDL4 As5
MDL5 As5
MDL6 As5
MDL7 As5

C o n e (p p b )

0
0.0107
0.0097
0.0102
0.0106
0.0105
0.0101
0.0102

SD

C o n e (p p b )

0
0.0535
0.0485
0.051
0.053
0.0525
0.0505
0.051
0.001718249

MDL (8 0 * 3 .1 4 )

0.005
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CHROM IUM (III) AND CHROM IUM (VI) M ETHOD
DETECTION LIM IT RA W DATA
AND CALCULATIONS

Cr(lll)
Amt

Blank
1MDL
2MDL
3MDL
4MDL
5MDL
6MDL
7MDL

CrS
CrS
Gr3
Cr3
Cr3
Cr3
Cr3

0.0155
0.0253
0.0246
0.0232
0.0252
0.0251
0.0238
0.0259

SD

C o n e (p p b )

0.0775
0.049
0.0455
0.0385
0.0485
0.048
0.0415
0.052
0.00468788

MDL
(SD*3.14)

0.015

Note the blank concentration was
subtracted from the MDL
concentrations
Cr(VI)
Amt

Blank
MDL1
MDL2
MDL3
MDL4
MDL5
MDL6
MDL7

Cr6
Cr6
Cr6
Cr6
Cr6
Cr6
Gr6

0
0.0133
0.0104
0.0118
0.0107
0.0129
0.009
0.0115

SD

C o n e (p p b )

0
0.0665
0.052
0.059
0.0535
0.0645
0.045
0.0575
0.00743704

MDL
(SD*3.14)

0.023
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APPENDIX III

ARSENIC CONCENTRATION DATA FOR
UNACIDIFIED AND FILTERED NYE
COUNTY 2002 SAMPLES

C o n c e n tr a tio n
S a m p le N am e
(p p b )
_____________________ A s(lll)
As(V)

0.06
0.02
0.02
1.4
1.7
0.14
0.046
0.023
0.045
0.039
0.022
0.074
0.086
1.2
2.0
2.2
1.8
1.4
1.5
0.094
11.0
11.3
1.9
0.71
0.71
2.1

10P Deep
10P Shallow
10P Shallow Dup
10S Zone 2
10S Zone 2 Dup
18P
22PA Deep
22PA Deep Dup
22PA Shallow
22PB Deep
22PB Deep Dup
22PB Shallow
22PB Shallow Dup
22S Zone 1
22S Zone 2
22S Zone 2 Dup
22S Zone 3
22S Zone 4
22S Zone 4 Dup
23P Deep
7SC Zone 1
7SC Zone 1 Dup
7SC Zone 2
7SC Zone 3
7SG Zone 3 Dup
VH-1

10.4
9.7
9.7
8.9
8.6
7.6
4.2
4.9
5.9
5.5
5.3
4.3
4.3
2.5
2.0
2.1
2.1
1.9
2.0
20.5
0.33
0.34
0.03
0.15
0.15
16.9
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APPENDIX IV

ARSENIC CONCENTRATION DATA FOR
UNACIDIFIED AND UNFILTERED
NYE COUNTY 2002 SAMPLES

S a m p le

10P Deep
10P Shallow
10P Shallow Dup
10S Zone 2
10S Zone 2 Dup
18P
22PA Deep
22PA Deep Dup
22PA Shallow
22PB Deep
22PB Deep Dup
22PB Shallow
22PB Shallow Dup
22S Zone 1
22S Zone 2
22S Zone 2 Dup
22S Zone 3
22S Zone 4
22S Zone 4 Dup
23P Deep
7SC Zone 1
7SC Zone 1 Dup
7SC Zone 2
7SC Zone 3
7SC Zone 3 Dup
VH-1

C one
As(lll)

Cone
As(V)

(ppb)
0.036
0.032
<0.011
1.7
1.8
0.033
0.10
0.031
0.088
0.047
0.042
0.041
0.071
1.4
1.9
1.8
1.3
1.2
1.2
0.082
11.3
11.3
2.0
0.82
0.95
1.7

(ppb)
10.4
9.7
9.7
8.7
8.4
7.6
4.1
4.6

5.8
5.3
5.5
4.3
4.3
2.5
2.0
2.1
2.0
2.0
1.9
21.8
0.33
0.31
0.01
0.13
0.13
17.0
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APPENDIX V

PAIRED-T TEST RESULTS FO R ARSENIC
t-Test: Paired Two Sample for Means
A s(lll)

Mean
Variance
Observations
Hypothesized Mean Difference
df
t Stat
P(T<=t) two-tail
t Critical two-tail

F ilte re d

U n filte red

1.603
8.605
26

1.575
8.765
26

0
25
0.680
0 .5 0 3
2.0 6 0

t-Test: Paired Two Sample for Means
As(V)

Mean
Variance
Observations
Hypothesized Mean Difference
df
t Stat
P(T<=t) two-tail
t Critical two-tail

F ilte re d

U n filte red

5.400
26.108
26

5.414
27.965
26

0
25
-0.258

0.799
2.060
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APPENDIX VI

ARSENIC CO NCENTRATION D ATA FOR
NYE COUNTY 2003 SAM PLES
C o n c e n tra tio n
(p p b )
A s(lll)
As(V)

S a m p le N am e

10P Deep
10P Deep Dup
10P Shallow
10P Shallow Dup
10S Zone 1
10S Zone 1 Dup
10S Zone 2
10S Zone 2 Dup
16P
18P
18P Dup
1911911 Zone 5
1911911 Zone 5 Dup
1911912
1911912 Dup
19P
22PA Deep
22PA Deep Dup
22PA Shallow
22PB Deep
22PB Deep Dup
22PB Shallow
22PB Shallow Dup
22S Zone 1
22S Zone 1 Dup
22S Zone 2
22S Zone 2 Dup
22S Zone 3
22S Zone 3 Dup
22S Zone 4
22S Zone 4 Dup
23P Deep
23P Deep Dup

0.033
0.060
0.039
<0.011
0.123
0.108
0.210
0.193
0.4714
2.7539
2.5735
0.1748
0.1236
<0.011
<0.011
0.3099
<0.011
0.0728
0.060
0.0561
0.0683
0.107
0.1048
0.022
0.034
0.076
0.101
0.059
0.078
0.134
0.113
0.1028
0.0913

10.0815
10.1262
10.2776
10.1698
5.647
7.367
7.650
7.555
9.7116
5.273
5.3541
31.2188
31.5854
32.722
33.0784
1.1071
5.2251
5.1205
5.7288
6.7502
6.624
4.358
4.3164
5.200
5.177
4.234
4.127
3.754
3.647
5.394
5.117
15.7004
15.0969
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C o n c e n tra tio n
(p p b )
As(V)
A s(lll)

S a m p le N am e

23P Shallow
23P Shallow Dup
24P
24P Dup
27P
28P
29P
29P Dup
3S Zone 2
3S Zone 2 Dup
4PB
4PB Dup
7SC Zone 1
7SC Zone 1 Dup
7SC Zone 2
7SC Zone 2 Dup
7SC Zone 3
7SC Zone 3 Dup
7SC Zone 4
7SC Zone 4 Dup

0.1891
0.1742
1.1173
1.1152
1.798
1.061
0.1038
0.0678
1.785
2.208
0.3518
0.3466
0.4018
0.41
0.1492
0.1524
0.8275
0.7449
0.4454
0.5012

11.1528
11.0667
1.3659
1.3673
10.5786
1.3865
7.9041
7.7916
4.422
4.422
28.8357
28.2811
0.2168
0.2132
0.0347
0.0363
0.2215
0.275
0.7005
0.7425
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APPENDIX VII

A RSENIC CONCN ETRATION D ATA FOR
INYO COUNTY SAM PLES
C o n c e n tra tio n
(p p b )
A s(lll)
As(V)

S a m p le N am e

SF1
SF1 Dup
SF2
Warm Spring
Travertine #2
Travertine #2 Dup

0.14
0.21
0.074
<0.011
1.89
1.89

31.0
45.3
29.9
3.9
36.8
35.0
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APPENDIX VIII

ARSENIC CONCENTRATION DATA FOR
NTS AND NTTR SAMPLES

S a m p le N am e

ER 5-4 #2
ER 5-4 #2 Dup
ER 12-2
ER 12-2 Dup
ER 18-2
ER 18-2 Dup
ER EC 1
ER EC 1 Dup
ER EC 6
ER EC 6 Dup
ER2 1
ER2 1 Dup
ER EC 2A
ER EC 8
ER EC 8 Dup
ER EC 5
ER EC 5 Dup
ER EC 4
ER EC 4 Dup
ER7 1
ER 7 1 Dup

C o n c e n tra tio n
(p p b )
A s(lll)
As(V)

0.026
0.025
0.771
0.725
0.279
0.736
0.056
0.069
<0.011
<0.011
<0.0111
<0.011
2.9581
<0.011
<0.011
0.0217
0.0302
0.0286
0.0329
0.047
0.0846

1.458
1.045
0.159
0.203
30.974
28.573
1.578
1.670
3.238
3.347
9.227
8.954
3.647
4.572
4 .5 1 6

5.124
5.151
2.9696
3.019
3.309
2.886
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APPENDIX IX

CHROMIUM CONCENTRATION DATA FOR
UNACIDIFIED AND FILTERED NYE
COUNTY 2002 SAMPLES
C o n c e n tra tio n
(p p b )
Cr(lll)
Cr(VI)

S a m p le N am e

10P Deep
10P Shallow
10P Shallow Dup
10S Zone 2
10S Zone 2 Dup
18P
22PA Deep
22PA Deep Dup
22PA Shallow
22PB Deep
22PB Deep Dup
22PB Shallow
22PB Shallow Dup
22S Zone 1
22S Zone 2
22S Zone 2 Dup
22S Zone 3
22S Zone 4
22S Zone 4 Dup
23P Deep
7SC Zone 1
7SC Zone 1 Dup
7SC Zone 2
7SC Zone 3
7SC Zone 3 Dup
VH-1

<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015

0.417
0.528
0.553
0.576
0.622
0.471
1.097
1.288
0.756
1.540
1.071
0.656
1.093
0.093
<0.02
<0.02
0.055
0.383
0.379
2.60

<0.02
<0.02
<0.02
<0.02
<0.02
0.128
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APPENDIX X

CHROMIUM CONCENTRATION DATA FOR
UNACIDIFIED AND UNFILTERED NYE
COUNTY 2002 SAMPLES

C o n c e n tra tio n
(PPb)
Gr(lil)
Cr(VI)

S a m p le N am e

10P Deep
10P Shallow
10P Shallow Dup
10S Zone 2
10S Zone 2 Dup
18P
22PA Deep
22PA Deep Dup
22PA Shallow
22PB Deep
22PB Deep Dup
22PB Shallow
22PB Shallow Dup
22S Zone 1
22S Zone 2
22S Zone 2 Dup
22S Zone 3
22S Zone 4
22S Zone 4 Dup
23P Deep
7SC Zone 1
7SC Zone 1 Dup
7SC Zone 2
7SC Zone 3
7SC Zone 3 Dup
VH-1

<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015

0.415
0.51
0.511
0.588
0.625
0.386
1.189
1.213
0.818
1.609
1.111
0.721
1.148
0.118
<0.02
<0.02
0.055
0.379
0.383
2.46
<0.02
<0.02
<0.02
<0.02
<0.02
0.124
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APPENDIX XI

PAIRED T-TEST CA LCULATION FO R CH ROM IU M
t-Test: Paired Two Sample for Means
Cr(VI)
Mean
Variance
Observations
Hypothesized Mean Difference
df
tStat
P(T<=t) two-tail
t Critical two-tail

F ilte re d

U n filtere d

0.556
0.372
26

0.559
0.362
26

0
25
- 0.226
0.823
2.000
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APPENDIX XII

CHROMIUM CONCENTRATION DATA FOR
NYE COUNTY 2003 SAMPLES

C o n c e n tra tio n
(p p b )
Cr(lll)
Cr(VI)

S a m p le N a m e

0.02
0.02
0.02
<0.015
<0.015
<0.015
0.02
0.02
0.05
<0.015
<0.015
0.04
0.04
0.056
0.05
<0.015
<0.015
<0.015
<0.015
0.0198
0.02
<0.015
<0.015
<0.015
<0.015
<0.015
<0.015
0.0227
0.02
0.07
0.15
0.04

10P Deep
10P Deep Dup
10P Shallow
10P Shallow Dup
10S Zone 1
10S Zone 1 Dup
10S Zone 2
10S Zone 2 Dup
16P
18P
18P Dup
19IM1 Zone 5
19IM1 Zone 5 Dup
19IM2
19IM2 Dup
19P
22PA Deep
22PA Deep Dup
22PA Shallow
22PB Deep
22PB Deep Dup
22PB Shallow
22PB Shallow Dup
22S Zone 1
22S Zone 1 Dup
22S Zone 2
22S Zone 2 Dup
22S Zone 3
22S Zone 3 Dup
22S Zone 4
22S Zone 4 Dup
23P Deep

0.23
0.24
0.53
0.48
0.35
0.49
0.23
0.23
1.1
0.08
0.1
0.78
0.82
0.87
0.9
<0.02
0.59
0.59
0.29
1.1298
1.2
0.67
0.68
0.44
0.46
0.27
0.26
0.48
0.49
0.54
0.45
3.6
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C o n c e n tra tio n
S a m p le N am e
(p p b )
________________________ Cr(lll)
Cr(VI)

0.04
0.06
0.08
0.03
0.03
0.03
0.04
0.08
0.07
<0.015
<0.015
0.06
0.11
<0.015
0.06
0.08
0.07
0.07
0.06
0.08
0.08

23P Deep Dup
23P Shallow
23P Shallow Dup
24P
24P Dup
27P
28P
29P
29P Dup
3S Zone 2
3S Zone Dup
4PB
4PB Dup
7SG Zone 1
7SG Zone 1 Dup
7SG Zone 2
7SG Zone 2 Dup
7SG Zone 3
7SG Zone 3 Dup
7SG Zone 4
7SG Zone 4 Dup

3.6
3.9
3.9
<0.02
<0.02
0.18
<0.02
1.1
1.0
<0.02
<0.02
2.6
2.3
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
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APPENDIX XIII

CHROMIUM CONCENTRATION DATA FOR
INYO COUNTY SAMPLES
C o n c e n tra tio n
S a m p le N a m e
(p p b )
___________________________ Cr(lll)
Cr(VI)

SF1
SF1 Dup
SF2
Travertine #2
Travertine #2 Dup
Warm Spring

<0.015
<0.015
<0.015
0.482
0.194
<0.015

1.100
1.071
2.055
1.038
0.610
2.976
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APPEENDIX XIV

CHROMIUM CONCENTRATION DATA FOR
NTS AND NTTR SAMPLES
C o n c e n tra tio n
(p p b )
Cr(VI)
Cr(lll)

S a m p le N am e

ER 5-4 #2
ER 5-4 #2 Dup
ER 12-2 Dup
ER 12-2 Dup
ER 12-2
ER EG1
ER EG 1 Dup
ER 18-2
ER 18-2 Dup
ER EG 6
ER EG 6 Dup
ER EG 2 1
EREG2 1 Dup
ER EG 5
ER EG 5 Dup
ER EG 2A
ER EG 7
ER EG 7 Dup
ER EG 4
ER EG 4 Dup
ER EG 8
ER EG 8 Dup
ER7 1
ER 7 1 Dup

<0.015
<0.015
<0.015
<0.015
<0.015
0.154
0.152
0.026
0.058
0.124
0.135
0.132
0.091
<0.015
<0.015
0.060
<0.015
<0.015
0.094
0.1057
0.0627
0.05
<0.015
<0.015

<0.02
<0.02
<0.02
<0.02
<0.02
1.554
1.549
<0.02
<0.02
1.239
1.258
0.090
0.062
0.409
0.447
1.032
0.922
0.891
1.2185
1.254
0.7828
0.7291
<0.02
<0.02
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APPENDIX XV

SAMPLE CALCULATION FOR Eh IN
GROUNDWATER SAMPLES
Arsenic

10 P D e e p
[As(V)l p p b
[[As(V)]] T (M)
pH
[H+] (M)

K1
K2

K3
[H 3 A s0 4 ] (M)
[H 2A S 04-] (M)
[H A S 042-] (M)

10.4
1.38667E-07

[As(lll)] p p b
[[A sdll)]] I (M)

0.006
8E-11

7 .75

1.77828E-08
0.0055
0.00000017
5.1E-12
4.24464E-14
1.31281E-08

[H+] (M)

K4
K5
K6
[H 3 A s0 3 ] (M)

1.77828E-08
5.888E-10
7.413E-13
3.981E-14
7.74359E -11

pE
E h (V)

1 .2 5 5 0 2 E -07

[H^] = 10'P“
[H 3 ASO 4 ] = [As(V)]T/(1+(K1/[H^]+K1*K2/[H^]2+K1*K2*K3/[H^]^)
[H 2A S O 4 I = K 1 * [H 3 A s 0 4 ]/[H ^ ]

[HAs04^‘] = K2*[H2As04']/[H+]
[H 3 ASO 3 ] = [As(III)]T/(l+(K4/[H^]+K4*K5/[H+]^+K4*K5*K6/[H^]^)
pE = 14.5- 2*pH - 0 .5 *log([H 3 A sO 3 ]/ [HAs 0 4 ^']) (Cherry et ah, 1979)

Eh = 0.059 * pE

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.60
0.04

Chromium
10P D eep

[Cr(VI)] ppb
[[Cr(VI)]] (M)
pH

0.417
3.59483E-09
7.75

8/3H" + e + 1/3 C r O /'

pE
Eh (V)

5.51
0.33

1/3 Cr^+ + 4/3 HzO

gFEo/RT = ^ = ( [ C r ^ + ] / [ C r O / - ] ) '^ + l/[H + ]^ ^ ^ [e]
2-1\ 1/3

pEo = FEO/2.3RT = log ([Cr^+]/[Cr04""])"' + 8/3 pH + pE
p E -p E o - log ([Cr^+]/[Cr0 4 ^-])'^ -8/3 pH
3 /rTT-t-i3
Ksp = [Cr^+]KwV[Hl

pE = pEo - 1/3 log ([H^]^Ksp/Kw^) + l/31og[Cr04^ ] - 8/3 pH
[H+] = 1 0 ""
Ksp = 10'^°
E o = 1.51
Eh = 0.059 * pE
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